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PKEFACE 



In submittiDg the following pages to the ordeal of public 

criticism, I would bespeak mdulgence for the many imper- 
fections which» doubtless, will be found in the work. In ar- 
ranging the first section of the book, I had two distinct objects 
in viewj iirst, to establish my claim to a considerable portion 
of the merit of the construction of the Conway and Britannia 
Bntlges ; and secondly, to give an accurate and faitliful record oi 
all the proceedings connected with the progress of these stu* 
pendous structures, from their origin to their successful com- 
pletion. The various public statements which were made at 
different times by difibrent individuals, and which either entirely 
passed over, or concealed the real nature of the services I had 
tendered in connection with these undertakings, appeared, not 
only to me, but to my friends, to call for some public assertion 
of my claims ; and, moreover, I conceived that the keen inter- 
est with which I had pursued the investigation, and the promi- 
nent part I had taken in the proceedings from the very com- 
mencemrat of my professional appointment as engineer for 
the bridges, to the erection of the tirst Conway tube, were in 
themselves sufficient qualifications for the task which I have 
undi rtakiii in the compilation of this work. 
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In order to attain these objects, I have pnbtiahed the corre- 
spondence which took place between the parties engaged in the 
undertakmg, in connection with a simple statement of facts and 
occurrences. It appeared to me, that the publication oi this 
oonespondence, with the nairative, wonld not only give a higher 
interest to the work, but would also convey to the mind of the 
reader, the most faithful account of each person's shaie of the 
inteUectual labour evidenced in the construction of these great 
works. The whole correspondence has been printed almost 
entirely in its original form, those passages only having been 
struck out which did not bear upon the subject, or which 
speared to have been written under circumstances of excite- 
ment, and consequently calculated by their reproduction to 
engender feelings of pain and regret. 

I have approached this ]x)rtion of the work with that hesita- 
tion which a just diffidence in my own powers could not fail to 
inspwe ; but the extent of the correspondence, taken in con- 
nection with the experimental researches which follow, will, it is 
hoped, apeak for the industry and closeness of application with 
which the subject has been pursued ; and also, for the active 
and untlmchmg exertions which have characterized my official 
connection with the undertaking. 

I cannot venture to flatter myself that, in my engagement with 
the Cheater and Holyhead Railway Company, I have adequately 
satisfied the various conditions under which I was placed, or 
avoided the dangers of an unpleasant controversy with some of 
my contemporaries. I however cherish the hope, that the 
perusal of this correspondence will estabUsh the fact, that it was 
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in a great degree owing to my detenniued peraeveamnoe, that 

Mr. Stephenson's original conception has been successfully ear- 
ned into execution, and that the elaborate aeries of experimenta 
which I performed have established the tme principle upon 
which tubular bridges should be canstmctod. To this early 
conception I make no daim ; but with regard to the services 
which I aiterwards rendered, I must leave the estimate of their 
merits to the nnbiaaed judgement of the reader. 

The interest which the introduction and construction of the 
tubular bridges have created, will ensure for the third section of 
the work (which contains in detail the laborious experimental 
investigation) an attentive consideration on the part of the 
scientific reader. Hiese researches, which have brought to light 
an entirely novel prmcipie of construction, extended over a 
period of nearly two years, and from the advantages wMch I 
have enjoyed in having conducted a similar iuvestigatiuii buiiie 
years since, I would venture to encourage the hope, that the 
results obtained from the experiments more immediately con* 
nected with these works» will not onfy increaae our store of 
knowledge, but wiD contribute to the enlargement of our field 
of observation in those departments of physical truth which yet 
remain to be explored. In addition to the honour, which I 
feel, in having been selected by Mr. Stephenson as the fittest 
person to elucidate the subject and conduct the inquiry, I have 
pleasure in acknowledging the libmlity which furnished the 
means for promoting the researches on a scale of such magni- 
tude as to ensure conclusive results. With a more limited pre- 
liminary investigation, it is evident, that it would have been 
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impfudent, on tbe part of the Chester and Holyhead Railway 
Company, to have entered upon a work myolving an immense 
outlay of capital, and on which the opinions of the scientific 
and engineering world were so much divided. 

In conclusion, I have to express my obligations to several 
scientifio and highly valued frienda, for having read over the 
manuscript, and suggested alterations in the narrative, and 
omissions in the coiie8pond6nce> which have rendered the work 
more concise, and I trust more acceptable to the general reader. 
I have furtiier to acknowledge, that I am indebted to Mr. Tate, 
of Battenea» for the mathematical analyses, and tar the in- 
teresting and valuable deductions and formula;, which will be 
found at the dose (tf the experiments. 

Manchester, Jane 1st, 1849. * 
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THE 



CONWAY AND MENAI 

TUBULAR BRIDGES. 



In the constmction of the Chester and Holyhead Rail^Yay two 
formidable obstacles had to be overcome. The deep and rapid 
tidal streams at the Conway and Menai Straits had to be croflaed 
by bridges, which must Becessarily be of estiiiordiiuiiy span, 
and of great strength. No centerings or other substroctures, 
such as are usually resorted to for puttmg aueli massive struc- 
tures together, could be erected. 

Under such circumstances the most obvious resource of the 
engineer was a suspension bridge; but the failure of more than 
one attempt had proved the impossibility of running railway 
trains over bridges of that class with safety. Some new expe- 
dient of engineerinpt was therefore reciuired, and an engineer 
bold and skilfid enough to conceive such an expedient and to 
apply it. That engineer was found in Mr. Robert Stephenson, 
and that expedient is the one, the history of which it is the object 
of the folbwing pages to relate. 
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TUBULAE BRIDGES. 



Under Mr. Stephenson's directioii nmneious other schemes 
had been devised. Both timber and cast-iron arches had been 

thought of; and a model of a very handsome bridge for crossing 
the Mcuai Straits on the lattir principle bad been constnirted, 
aud it was, I believe, submitted to the consideration of a Parlia- 
mentary Committee. The poasibihty of erecting cast-iron arches 
over so great a span as 450 feet was however questionable, and 
the security of such a bridge could not but have been endangered 
by tlic fi;reat changes to which the material w*>ukl have been 
subjected from atmospheric influences, and from the vibrations 
produced by the passage of heavy trains; but a more im- 
portant objection even than these weighed in the withdrawal 
of this design. The Lords Commissioners of the Admiralty, as 
Conservators of the Navigation, opposed the erection of any 
structiu'e whicli shoiikl oiler a hindrance to the free passage of 
vessels imder it, and insisted upon a clear headway of 105 feet 
from the level of high-water. It was under these circumstances 
— having to encounter extraordinary difficulties of execution, and 
being compelled by the opposition of so powerful a branch of the 
( ioM riiiiicnt as the Admiralty Board, to abnncion the ordinary 
resources of the engineer — that Mr. Stepiu nson conceived the 
original idea of a huge tuhiilar bridge, to be constructed of 
riveted plates and supported by chains, and of such dimensions 
as to aUow of the passage of locomotive engines and railway 
trains througli the interior of it. 

It was wit li reference to this e\|)c({ieiit, after all others had 
been found inapplicable, tliat T was consulted by him, and that 
my q»inion was requested, first as to the practicabiUty of the 
scheme, and secondly as to the means necessary for carrying it 
out. This consultation took place early in April 1845, and as 
far as could be gathered from ^fr. St<'])licnson at the time, his 
idea then was, that the tube should be either of u ciix idar or an 
egg-shaped sectional form ; he was strongly ini]M essed with the 
primary importance of the use of chains, placing his reliance in 
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tbem as the principal support of the bridge ; and he never 

for a inoiucnt entertained the idea of making the tube self- 
supiiorting. The ^\Tought-iron tube, according to his idea, 
was, indeed, eiitiiely subservient to the chains, and intended 
to operate £roni its rigidily and weight as a stiffener, and to pre- 
vent, or at least to some extent counteract, the undulations due 
to the catenary principle of constniction. In fact, for many 
months afterwards, and even up to tlui time of the experiments 
on the model tube in December 1846, he insisted, as will be 
seen from the annexed corre8pondenoe» on the application of 
snehdiainB. A perusal of this oonespondence will, moreover, 
show that I was throughout strongly opposed to their application, 
even as an auxiliary. I always felt iluii m a combination of two 
bodies, the one of a perfectly rigid, and the other of a flexible 
nature, there was a principle of weakness ; for the vibrations to 
which the one would be subjected, would call into operation forces 
whose constant action upon the rivets and fiistenings of the other 
could not bnt tend to loosen them, and thus, by a slow but sure 
agency, to br(;ak up the bridge. 

At the period of the consultation in April 1845, there were 
no drawings illustrative of the original idea of the bridge, nor 
had any calculations been made as to the strength, form, or pro- 
portions of the tube. I was asked whether such a dengn was 
practicable, and whether I could accomplish it ; and it was ulti- 
mately arranged tliat the subject siiould be investigated experi- 
mentally, to determine, not only the value of ^h. Stephenson's 
original conception, but that of any other tubular form of bridge 
which might present itself in the prosecution of my researches. 
The matter was placed unreservedly in my hands ; the entire 
conduct of the investifration was entnistcd to me; and, as an 
experimenter, I was to be iett fiee to exercise my own discretion, 
in the investigation of whatever forms or conditions of the struc- 
ture might appear to me best calculated to secure a safe passage 
across the Straits. This freedom of action was obviously neoes- 
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4 TUBULAR BRIDOBS. 

saiy to the success of my experiments. I camiot but feel myself 
to have been honoured by th«t confidence in my judgement 

wbicli it implied. A period of five weeks \\as occupied in the 
cou&tructiou of the expcrimcutal models, aud in devisiug the 
means and preparing the necessaiy api^nnitus for the experi- 
ments. The whole series, detailed in the Appendix, was con- 
ducted at my works, Millwall, Poplar, and the earlier experi- 
ments were ^A-itncssed by Mr. Henry Ross and Mr. Robert 
Murray, as assistants. Subsr(|iu'iill\ , uiit ii tlu- laige model 
tube was made, and the ultimate sectional form almost arrived 
at, Mr. Edwin Clarke, one of Mr. Stephenson's assistants, was 
also present, and for his empbyer's information took copious 
notes of the proceedings. 

Tn consequence of the favourable opinion euteitanied by Mr. 
Stephenson of the cylindrical tubes, it was deemed expedient to 
commence experiments upon models of that kind, and to ex- 
tend them subsequently to eUiptical tubes. The whole of the 
results, and observations made during the progress of the re- 
searches, as well as a description of the apparatus employed, I 
have carefully arranged and placed as an ApptiiJix, thinking 
that in that shape they would be more easy of rci'ereuce to the 
scientific reader, who would thus be able to trace the gradual 
development of the principle of construction ultunately arrived 
at, from the experiments which led to it. 

Oil cutiiing upon the corrcs[)oiidenc'c, I may remark, llial I 
have in general ])rinted tlie letters entire, and where selections 
have been made, the parts omitted usually referred to nutters 
of a private nature. No doubt many communications are alto- 
gether misdng, but I have endeavoured to connect the whole 
by such remarks, as will render the narrative consecutive and 
clear. 

The following letter to Mr. Stephenson was written during the 
experiments on the cylindrical tubes, and it details some early 
reflections with reference to a form of tube intended, in a manner. 
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to meet Mr. Stephenson's views, but which suggested itself to 
my niiiul us superior to une supported by chains. 

He hod conceived the idea, in which I then to a certain 
extent concuired, that the upper side of the tube should be 
brought into a state of tension as well as the lower, so 
that its strength, although a rigid structure, should not He, as 
that of a beam does, in its resistance to tension on the one side 
and to compression on the other, but wholly in a resistance to 
tension, as that of a tiexibic stracture does. With this view, it 
was thoiught that something like the form of a catenaiy should 
be given to it, with a rigid bottom and sides. 

My dear Sib, Mfflwall WoiIeb. May 81. 1845. 

It has occuiTed to nic, that the plate bridge might be made considerably 
strnnpfT bv adopting a different form of construction, and by judicious 
arrangement the whole might be made in one span of sucli an extent, as 
450 feet; so as to render it self-oonstructive in the formation of its own 
scaffold or platform. 

I have considered the subject with the utmost care since I lefb you, 
and after repeated comparison, I am induced respectfully to submit the 
following rough sketch and description for consideration. 



Fig. 1. 




On contrasting the forces of extension and compression with each 
other, I find we must place our sole reliance npon the resisting forces 
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of m tauOe rtrain, and to use tliat of OQm- 
preaaion on]y for the purpose of ginog teiift- 
city and rigidity to the atruetore. With 
theae views, I would auggeat that the whole 

of the tipper sides of the iron tnbe or tunnel 

shoultl siustaiu the load, and lor that purp<»si' 
I would incline to the annexed section (see 
% 1). 

The parts, n, a, to In- each IS iV-ct \sido, 
3 tVct deep ill thf middle, and 2 teet 4 iiielu's 
at each end ; and composed of plates, say 
half an inch thick, with angle iron framei^ 
and connecting plates at every 10 feet. 

The sides, b, b, to be composed of j^jr (or 
quarter-inch patent) plates with internal f 
iron frames, radiating from the Uf^per enr- 
▼ature of the anapending phtea, aa ahown 
on the aidea A, A, A (aee fig. 2). 

The hottom to he formed aa before, with 
a permanent pbtform and raOa, aa rq>re- 
aented in the aectiona at e, e. The aidea, 
b, b, in thta eaae descending a little behnr 
the curves^ for the purpose of rendering the 
whole aomewhat aymmetrieal. 

Now, if we examine into the pro|>erties of 
this construction, it will be found that the 
material so distributed will sustain in the 
upper section (at only twenty tons to the 
8(juare inch) a tensile strain of WOO tons; 
andprovuled we deduct one-third for riveted 
cross joints, we still have upwards of 3000 
tons for the strength of suspension, inde- 
pendent of the sides and bottom, which, if 
nuMle of thick-edged plates, would give the 
power of resistance above 4000 tona* 

In thia hasty sketch I have not gone into 
the question of weights; but at a rongh cal- 
culation, I ahonld anppoae one tube of, aay 
500 feet, would weig^ about 500 tons, equal 
to a total of 3000 tona, in two linea of 1500 
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feet eteh. Theee vmwb Vnll not interfete with the experimeats now in 
piogreii, but I ahoidd be glad of your opimon in order to guide mo in 
the fotnre development of principles whieh at present are but imperfectly 
understood. I am, my dear Sir, always sincerely yours, 

Robert Stephenson, Esg., C.E., William Fai&bairn. 

^C. ^'C. ^c. 

From the very commenoement of the inquiry, the means 

which should be employed in erecting und raising such a large 
structure over a hroad and rapid stream, was a subject of 
deep reflection ; and the point seemed indeed surrounded with 
impediments not easily overcome. It was probably not essen- 
tial to discuss sash a question, before the practicabiUty of the 
scheme was ascertained, and the form and dimensions of the 
tube itself determined on ; but it nevertheless weighed upon 
the mind, and, as will be seen by tlK^ letters, numerous expe- 
dients were originated and discussed before the means actually 
adopted were matured. My first thoughts were expressed in 
these terms to Mr. Stephenson : — 

^Iy dear Sir, Manchester, June 3rd, 1845. 

My mind has been fully engr(Msed with the subject of the Menai Brirlge. 
AiVTiatever may be the principle upon which it is to be constructed, there 
will be no difficulty in its erection^ nor will there be any considerable 
expense incnzred. 

If, for ezampl^ the piers were erected and the whole of the tubes 
riveted together in seetionsy we could first commence the erection by 
filing tbe centre parts upon the saddles of the piers; this being aooom- 
plishedy we should then proceed in each direction, fizmg the sectional 
parts, and maintaining the weights and balanoe equally on both rides, till 
they meet in the middle, thus : 
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On this plan, tbe parts would ahragn be in eqaflibrinm on the middle of 
^epieii, as at A A^andby meanaof twomoreaUe ecanes, andaworldng 
aeaffold, as BB and CG, we could work pfogiessively forward with 10 
feet sections tiU they met at X, when die two could be united in the nsnal 
way with rirets. 

By these means I think every difficulty with regard to erection would 
Tanish ; and, provided the parte were wdl pnt together in the first in- 
stance, we might carry sack a structure across aiiy i>trsits or ravine of 
even greater extent than the Menai Straits. I shsll be glad to hear 
your opiniou iii addition to my former letter upon this and other uiatter, 
and remain. My dear Sir, yuurs binccrclyj 

Hobert Sttphenmn, E§q,, CJl* Wii,liau Faiebaien. 

The above letter proposes a self-constructing system of erec- 
tion, to avoid, if possible, the dangers and difficulties attending 
tbe moving and raising of such an enormons weight to a height 
of 100 or 120 feet, and then fixing it with safety upon tbe piers. 
On matiue consid( ration, it appnircd next to impossible to 
maintain the balance of so great a mass ii])on the pier as a ful- 
crum, and so to keep both ends in an exact line (as regards 
their horizontal and lateral position), as to cause them to meet 
in tbe middle. The plan was therefore abandoned for another 
of a more tangible kind. 

Previous to the date of the f(i [lowing letter, July 19, con- 
siderable progress had been made with tlie experiments on the 
cylindrical tubes*, ail of which were found more or less defective. 
Great difficulty was experienced in keeping them in shape ; and 
tbe experiments, whilst they gave ground for confidence as to 
tbe ultimate result, showed pretty clearly that it was not to be 
attaini cl iiiidcr this form of tube. These facts are intimated to 
Mr. Stepheuson as follows : — 

My diab Sir, Manehcster, July 19tb, 1845. 

The last coone of eiperiments was not only satisfactory, but such as 
to induce a considerable alteration in form> as well as a umcli luurc ex- 

* ^^e KqMrimenti A, B« &e. in the Appmdtx, 
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tenaive investigatioii« Tbeie teaearehes leqaiie the utmost eare; and 
nevr d07dopiiieiita> as weU as correct reaultSy are only obtamed by re- 
peated trials of sn eKperimentsl snd inductive cbaracter. It shall be my 
special provinoe to ascertain the fiicts, and determine the lair which 
gorenis the strength snd form of this important structure. 

FrevioQS to leaving town, I gave orders for an increased number of 
tubular models to be made of different forms and dimensions. Towards 
the end of the ensuing week they will be completed, and I purpose again 
onnmencing die ezperimoits on Wednesday mornings tibe dOth inst., 
when I hupc you will be enabled, along with your ftither, to attend. 

I am, my dear Sir, always sincerely yours, 

Bobert StepheMon, Esq, William i^'AinjiAiiiN. 

My dear Sir, «^uly 21st. 1845. 

9|c ^Jc 3^C 3^ 9|c 3^ sfc 3^ 9|C 

I am glad to hear tliat you are proccediDg with other forms of tubes; 
I hope some of them, of an elliptical fonii, and with thick plates at the 
top and bottoiu, will be tried, for in this way the disposal of the material 
will apj)roach nearly to that of a common X girder, which is doubtless 
the thing to be aimed at. 

Yours faithfully, 

W. Fairbaim, Esq., Robert Stephenson. 

MiUwaU, or Manchester, 

At this time, July 19th — 2l8t, a considerable number of ex- 
perimetits bad been made : newly the whole of the cylindrical 

tubes had hvvw tested*, and preparations were then in pro- 
gress for the rectangular and elliptical fonns. The difficulties 
experienced in letaining the cylindrical tubes in shape, when 
submitted to severe strains, natoially suggested the rectangukr 
form ; many new models of this kind were pr( pared and ex- 
perimented upon, before the end of Julyf; and others, with 
diliertiit thicknesses of the top and botidtii plates or fluiieiies, 
before the Gth of August |. This is dearly indicated by the date 

* See dates (rf tbe Ezperimento on the Cyliodrical Tribes in die Appendix, 
t Va<te Appendix, Bxperiments cm the Recttngular Tubee. 
} The dates ^rill be found in the Appendix. 
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of the experiments, and tlie letter of August 6th» addressed as 
before to Mr. Stephenson. This letter, it will be observed, 

strongly enforces the striking and fntmhfaieable evidence, afforded 
by the exj)eriment8, of the neeessit> of a close adherence to the 
principle of the simple beam or girder. 

Up to this period, my object had been to test the principle, 
odginally suggested by Mr .Stephenson, of a structure, every part 
of which, although rigid, should be brought into a state of ten- 
sion, and \vhose strength should consist, not as that of a beam or 
girder does, in its resistance to extensbn on the one side, and to 
compression on the other, but in a resistance to extension on 
both Bides. For the adoption of such a form, if it could have 
been found, there was this plausible argument, — ^that the tenacity 
of wTought-iion being much greater than its resistance to com- 
pression, there wouhl obviously have been an economy of tlie 
material, in so shaping the tube as to call into action its tenacity 
only. All my attempts to find such a shape as this were however 
firuitless. Eveiy experiment gave the most certain evidence of 
a compression on the one side of the tube and extension on the 
other, and it yielded alike when tlie one resistance or the other 
was overcome. From this time the question presented itseK 
therefore under a simpler form. I looked upon the tube as a 
htMow ^rder, whose strength was dependent upon the same 
causes as that of any other, and I saw plainly the direction my 
experiments should take and the principle by which I was to be 
guided. That determined opposition, which I sliall be touiid 
in this correspondence to have given to the use of chains, or 
any other flexible auxiliary for the support of the tube, dates 
from this period. 

My dear Sir, MiUw^ August 6th. 1845, 

For the last eight days, I have been oonBtantiy employed on the ex- 
periments, end although some of them have not always indicated the 
vesidta expected, they are nevertheleu not only naeful, as legards the 
object of our reaeareh, hut highly satiaftctoiy. 
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From then invettigttimu we deiiye sevenl jmportsnt hidM, one of 
vhich I may mention, namely, the difficulty of Imnging the upper, as 
wettasihelower side of the bhdge, into the teuflQettram. For this ob* 
ject levetal changes were effected, and attempts made to dietribate the 
forces equally, or in certain proportions tliroughout the parts, but with- 
out effect, the results beiiiL' in every experiment that of a hollow beam or 
girder, resisting, in the usiuil way, by the compression of the upper and 
extension of the lower sides, lu almost every instance we Imve found 
tb *' resistance t j iitosed tn C( iniiression the weakest ; the upper side gene- 
rally giving way trom the severity of the strain in that direction. 

These facts arc important so far as they have given rise to a new series 
of experiments, ealculated to stiffen or render more rigid the upper part 
of the tube, as well as to equalize the strain, which in oar present con- 
struction is evidently too great for tile resisting forces of compression. 

I entextsined hopes of seeing you here before now, as I was amdoos 
to show you the more interesting portion of the eiperiments, and to 
have had the benefit of your suggestions and advice. 

As it isy and imder present eircomstanees, I trust Ihave your petmis- 
non to ponme tiie inquiry, and to introdnoe soeh new forms and com- 
binations as wfll fully determine the law of resistance^ and also the 
strongest form of tnb^ when acted upon by a force calculated to crush 
or tear it asonder. 

I am leaving by this evening's train for Manchester, and will again return 
to the experiments in about a fortnight, or as soon as the additional tubes 
are prepared ; in the mean time you will probably report progress, as some 
of the Directors and Secretary were here ou Saturday for that puxpose. 

I am, my dear Sir, Teiy foithfully yours, 
Robert Stephenson, Esq., C.E. WllLiAM Faikbaibn. 

It -win be seen by this letter, that the weakness of the tube 
bad been recognized in its upper surface, which yielded to com- 
pression before the under side was upon the point of yielding 
to extension ; and that the course wliich the experiments hence- 
forth took of so strengthening the upper suriiBce, that it should 
not be on the point of yielding to compression until the under 
surface was about to yield by extension, had been ahready shaped 
out. This state of the tube was a condition necessary to the 
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greatest economy of its material, for in any state in which it 

was not on the point of yielding on the one side at the instant 
when it was on the point of yielding on the other, sonie of the 
material might be taken from the stronger side without causing 
that to yield, and added to the weaker so as to prevent that side 
from yielding, and thus the tube would be rendered stronger 
by a new distribution of its material. It was with a reference 
to this principle, that the rectangular form of section had sug- 
gested itself to me, in the place of the cu'cular or the elliptical 
forms proposed by Mr. Stephenson, and that I had ordered 
the top fjf the tube to be thickened. It now occurred to me, 
that the top might be strengthened more effectually by other 
means than by thickening it, and I addressed the follown ^^ 
letter to my son, four days after the date of the last, din cUag 
him to cause two additional tubes to be constructed, the one 
rectangular and the other elliptical, with hollow triangular cells 
or fiM to prevent crusliing. 

These experiments led to the triid of the rectanr^rular form of 
tube with a coniigatcd top, the superior strciigih ut which de- 
cided me to adopt that cellular structiu'e of the top of tlie tube 
which ultimately merged in a single row of rectangular cells. It 
is this cellular structure which gives to the bridges, now stsnding 
across the CSonway Straits, tiieir principal element of strength. 

Manchester, August 10th, 1845. Fig. 4. 



I shall require the following models made. 
One of this kind, composed of plates -j^^rth of an 
inch thick, the top, a, a, to be made of plates of the 
aame thickness, but the middle part x may be left 
out, and filled up with wood to give the top aide 
stifinesB. The jomts of the plates below to be 
carefully made with a stronger piece, double- 
riveted, over these, in order to cause the platen to 
be torn asunder, instead of the jomt. The top, 
0, II, to be firmly riveted to the tube all the way 




along, as shown at b, b* 
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Another of tbo iaino kind to be nuide of 
the None length and thiclmeaa of phtes, hut 
of this shape^ 19 ft 6 in. long. These may be 
made ottt of some of the old ones, after proper 

drawings have bceu taken of tkeui. To be 
crushed or torn asunder with the weights sus- 
pended liom the inside ^ before. 

Also one small beam 12 ft. long, as under 
Thickness of top plate |th of an inch. 
Sides i^th of an inch. 
Bottom ^th of an inch. 

I think these will be all we shall re(|uirc at 
present ; and as soon as you are ready, let me 
know, and I will be with yoa to see them 
tested. 

I am, yoQfB affectionately, 

William Faibbaibn. 

Thomas Fakbaim, Esq, 



The experiments had now assiuiied a shape which seemed to 
me to require the assistance of a mathematician, who should 
deduce, if that were possible, a formula which, from the ob- 
served strength of a tabe of a lesser, might enable me to cal- 
culate the strength of one of a greater size ; and conceiving 
that Mr. 11 odixkiusoD, now Professor at Uiiiversitv CoUerre, 
London, would not object to imdertake the discussion of mdi a 
formula, I applied to him to do so, and invited him to Millwall 
to witness some of the experiments then in progress. 

Mr. Hodgkinson did not visit Millwall till the following 
month, being at that time engaged in testing some railway bars 
at the British Iron orks, South Wales, as is shown by the fol- 
lowing extract iiom his letter. 
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fidtidk Iron Worln, AbaBycbui near Pont-y^poal, 
Mt dkax Sib, Augwit 18ib, 1845. 

T<m espreifled a wiah that I shoiild let yon know when I left thia 
place, and mentioned that you might wiah me to go to London fiom herc^ 

instead of returning direct to Manchester. 

I expect I shall be at liberty to leave here for the present this week 
end, and will ])lace myself entirely at your disposal, either to go to one 
place or the otiier. * * ♦ ♦ 

I am, my dear Sir, moat tmly yonra, 

U uiiam Fairbairn, Esq., C.E. Eaton Hodgkinson. 



During Mr. Hodgldnson's first visit to MillwaU (Sept. 19tli, 
1846), the whale of the experiments which had then been con- 
cluded were explained to him, and he carefully examined the 

ap})ciraULs \s luc li I had used. O/i ihe firat dai/ of his vimf, the 
tubes which had been condructed with single hollow or cclli'lar 
tops were experimented on. The forms of these tubes, and the 
results of the experiments upon them, are o(»mnunicated to 
Mr. Stephenson in my letter of the 20th of September, which 
follows. One of them had a piece of fir timber fitted in the cell 
or fin, with a viuvv to keep that pait in form, and prevent it losing 
shape from the crushing forces, but in consequence of the dif- 
ficulty which was experienced in making the timber accurately fill 
the whole space, it proved of tittle value. Superior results were 
however obtained from the increased surfaces which were offered 
to com])rcssion on the top sides by the tins, and my attention 
was natnrally directed to the question, how far it was possible, 
by some other arrangement, better to accomplish the object of 
the cellular structure. Immediately upon the completion of the 
experiments on the ''fin" tubes, I ordered the preparation of 
another form with a corrugated top, resembling in section the 
eyes of a ])air of spectacles, rightly anticipating from this form 
of tube a considerable increase of strength. The cellular form 
of top offered, however, according to the experiments aheady 



Digitized by 



CORBBSPONDENCE. 



15 



made, bucIi decided advantages, that in the foUowing letter I 
ventured to anticipate, even at this early period, an xdtimate 
cellular form of section for the great bridge itsell", and proposed 
to Mr. Stephenson two ideas, the one of a tube with a series of 
square cells on the top, as at a, a* (see tig. 9), and the other 
with a nnmber of dicular pipes having flat plates riveted to 
their tops and bottoms, as shown at A (see fig. 10). The reader 
will not fail to observe how much the tu'st of tliese sketches 
reseinbles tlic tubes actually constructed for the CJonway and 
£ritauma Bridges. The whole of the arrangements for our sub- 
sequent proceedings were pointed oat at the time to Mr. Hodg- 
kinson, and appeared to meet with his appzovaL 

{jPrivate*) 

My dear Sir, MiUwaU, Sept. 20th, 1843. 

I have beenitniiitaTuptcdly employed on the experiments for the whole 
of this week, and tsa two dayt I have had the benefit of the presenee and 
my friend Mr. Hodgkinaon. Accotding to his riem, aa 
wdl as my own^ we are progreising ntiafiictorily, and atthongh we Iukfb 
not 9M yet amved at the stcongest £>m of tube, we are neverlheleaB ap- 
proaching that desideiEtiun. You will be awne, on referring to my last 
ktterj that the great difficolty we had to enooonter waa a due proportion 
of the parts, so as to nentrafise, or render the two reaiatiiig forces of 
compression and extension equal : out of nine experiments on cylindrical 
tubes, two failed by crusbing in at the top, and seven by tearing asunder 
at the rivet-boles. The latter were however fractured, owing to the close- 
ness of the rivet-holes and the construction of the tubes, the foreman 
havuig omitted to cross the joints. 

From eleven experiments on rectangular tubes, eight yielded to the 
crushing force, and three only were torn asunder by extension. 

The elliptical or egg-shaped tubes invariably failed, with only one ex- 
ception, by compression ; four having been crushed in at the top, and 
only one torn asunder at the bottom. Collectively, these appeared to 
indicate weakness on the upper side of the tube, and a necessity for a 
change of form in order to give rigidity and stifiheaa to that part. To 
counteract the forces of compression, I got two tabes constmcted of the 

* See sketches in letter. 
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anneied foimi ; oae eUiptica), Fig* 7* FSg 8. 

witli a deep fin a on tlie top, and 
the other reetaogular, inth a 
aimilar fin at (, as per anneied 
aectional sketch. Thete were, ac- 
cording to the duDenaions here 
marked, the one ISK by 7| inches, 
and the other 18 by 8 inches, and 
18 feet 6 inches between the snp- 
ports. The plates were jj-th *il an 
inch thick, and the tubes broke or 
were crushed respectively with 
dead weights of 68(i 7 and 881 2 lbs. 

The defective powers of resistance of all the tubes of this shape, have 
suggested a new arrangement and distribution of the metals; it being 
evident from the experiments, that the tube will resolve itself into a huge 
hollow beam or girder, leaving the two resifitin^ forcea of compression 
and exteniion aa wide i^art aa possible. It is further conduaive, that 
the aides must be made comparatively hght, and conaiderable iMitim ifcl 
material introdoeed into the top and bottom of the tube. This will give 
greatly inereaaed atrength, and a few mora eiperimenta will detennine 
which of the two ahall have the preponderance. It is more than pro* 
bable that the bridge, in ita full sise, may taike something of the following 
sectional shape. 

The parts a, a, being two longitudinal \i 
dinded by vertical plates so as to form squares, 
calealated to resist the erushmg stndn in the 
first instance, and the lower parts, b, also lon- 
gituilnia! jilates, well-conuccted with riveted 
joints, and of considerable thu kness to resist 
the tensile strain in the second : or it may 
resolve itself into somethinjz; of this form, (see 
the next fig.), with a series of tubes extendnig 
the whole Icn^^th of the upper side, to resist 
compression, and two tubes with strong Ion- 
gitodinal plates, e, c, to resist tension, and pre- 
vent tearing in that part : the sides in this case 

to be made lights in order simply to oomiect 1 
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the upper and bwer noBting portumB of 

tile fltmctnre* \ 

From the above itetemetit, you will per- CXX \ X XTD 
eewe tfast we sre atfll «liort of the correct ^ A A A./ 

form. The experiments are progressively 
developing facts, which I have uo doubt 
will enable me, with the assistance of such 
an able crpcrimenter and excellent mathe- 
matician as my friend Mr. Hodgkinson, to 
lay before yon mch results, as will fully 
justify the adoption of this important struc- 
tuze. In the meanwhile I shall be glad to 
bear from yon; aiid*requeatmgthe&vourof 
yoor cpimoo, 

I am, my dear Sir, yoora aineerely, 

William Faubaibn. 

Robert Stqfhem&n, Esq,, C.E, 

I have written the word "private** at the commencement of this 

letter, as it is merely written off-hautl, m order to put you in possession 
of the progress wc are making in these researches, without being pledged 
to facts. 1 should think another week's investigation, which I expect 
will take place in a fortnight, will enable me to speak more definitely. 

The following Icttur from Mr. IIodgkin!?oii explains his views 
respecting the experiments which had been made, and also gives 
his ideas as to the form of tubes, and tlie expenments which be 
should leconuneDd for trial. His suggestaons were carried out, 
in acoordanoe with the instructions sent to MOlwall on Octo- 
ber 2, biit the experiments showed that the forms which he 
recommended were weak and uusutisiiactoiy. 

Mt DSA& Sin, Abersychan, September 26, 1845. 

I have leeeiTed your tetter with the lemainder of the experiments, but 
what to do with them I am quite at alon. I have no prineiples to guide 
me, Mtisfiutory to my own mind, nor the aid firom booha, whidi I ahotdd 
have if I was at home. 
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I hxm done my bat to icdnee Mnne ot tbe experiments; but the le- 
flulti are so much at wianoe that I em completely paakd. 'Whatadda 
greatly to the difficulty, ia their want of adaptation to mathematical 
reqnirementa. 

I ahall not have it in my power to leave this phoe before the end of 
next week, without doing the parties a great injnstiee, but will do all I 

can on my return. I have been very unwell since my return firam Lon> 
don, in cou.sequcnce of the cold i cnught there. 

1 mentioned to you before, that there are fuaJaoiental experiments 
necessary to luaki ;tny useful application of these of yours; but while T 
am here i can do nothing, and before I should be at liberty to do aiiy- 
tljiiig, but try to reduce the experiments made, and su-L^est ^ome run li- 
ticutious of them, it would be necessary to get the sanction of Mr. 
Stephenaon, I suppose. 

Were I at liberty to make any experiments, I would begin with some 
cylinders as tree from rivets as possible near to the middle, so that they 
should break in a part not riveted. This might be done by taking long 
plates for the middle of the cylinder, and lengthening it out by small 
platea, since the rivela in them would not ligniiy. I would have three 
flinders made, all of the same diameter and length, say I8or 20inehea 
diameter at the least, and the length 16 or 17 times the diameter. One 
of these eylinders should have its platea half an inch thick, and the 
others }th and ^th of an ineh. I would have them 
simple cylinders with one row of rivets on each side-* ^* 1 

none at the bottom or top near to the middle — nor 
any aperture made there for the shadde. A section 
of the cylinder would be as here rep r es e n ted, where 
I wonld rather there were no rivets; but as they 
cannot be avoided, they must be introduced. The 
length of the cylinder would be as below. 

Fig. 13. 




I would have three other cylinders made, of half the diameter and 
length as the preceding one; and their plates should be of half the 
thickness aa those above, say ^th, ^th, i^^th of an inch ; these cylindera 
ahould be riveted on tke tide anhf, as in the former case. 

If yoQ think well to prepare these forme,Iwi]l maketheeipeEunenta 
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on my return to Manehester ; and the lesnltft will throw a little light 
upon the subject and enable me to judge better of the anomalies in your 
tabe experiments. There appears to me, however, to he a great want of 
fundamental information on the snbject. 

I am, my dear Sir, yours most truly, 
WilKam FUiMm, &q. Eaton Hodokinsok. 

P(0fli)er^/.— I am modk in want of a book, " Navier's Application de 
M&saniqne." I have thought of sending home for it ; but perhaps by 
the time it arrived, I should be ready to return. I know there ia some> 
thing to my purpoae in " Navier." You have the booh likewise, 

llfr. Hodgkinson did not experiment upon these tubes 
although fhey were constructed for him, since he found, from 
tiie experiments which had already been recorded, that the 

rectangular forms were decidedly the best ; accordingly the 
models subsequently made for him were of this form. The in- 
terval of time which ensued, between the experiments on the 
rectangular and elUptical tubes with single cells, and those on 
the tube with a corrugated top, was chiefly occupied in pre- 
paring this latter tube for ex])('riment. On the 14th of October 
it was subjected to the usual tt sts, as exphiined in the following 
letter addressed to Mr. Stephenson. 



Manchester, Oct, 15, 1845. 



My DEA& Sir, 

Our experiments of yesterday were the best 
and most satiafiietory we have yet made; and 
agreeable to expectation, the form, as per an- 
nexed sketch, gsfenot onlythe greateststrength, 
but what was of ecpial importance^ there was a 
near appioximation to an equality of the forces 
on the top and bottom sides. 

The figure, you wiU observe, was in strict 
accordance with the news contained in my 
letter, which followed our previous efforts ; the 
section being a rectangular figure, as above, 
with a double corrugated plate, each plate for 



Fig. 13. 
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the bottom being 0*180 inch. The ndes were only 0*070 inch thicks 
and the whole riveted together, as at a, a, u, a* 

With this form of tube (19 feet distant between the supports) the de- 
flections were carefiiUy taken at intervats, from weights of about 1800 lbs.; 
and before the tube gave way, which it did by tearing the sides from the 
top and bottom, it sustained for some minntes a weight of 22,469 lbs. 

From this last experiment it is evident we are approadiing the strongest 
form ; but we are still in want of further invtttigation, in order to obtain 
a correct and satis&ctory formula for the reduction of the experiments. 

Some existing formulae of " Navier" and others can be applied, but 
they are not satisfactory; and before my iVicud Mr. llud^^kiuaon can 
satiiiify himself on the mat hematical ])ai"t of the case, some further expe- 
rimcuis nmst be made on t j reeding ly small and (jrenihj culanjed tubes, 
with certain functions, calculated to establish the law wliich |iro\ ems, not 
only the strength of the present, but of all future forms of tubes. 

This will however not create any delay, as I liave ordei ed the plates, and 
I shall have the tube constructed forthwith, the experiments being made 
here in Manchester, on account of the more powerful apparatus which 
we have at command. In the mean time, I think we have sufficient data 
to guide you as to the security of such a structure ; and provided you 
wtU fix time and place where we can meet, I shall lay before you such 
information as will, I trust, justily the measures you intended to adopt* 
Any day after next Tuesday I could meet you in London or elsewhere. 

1 am, my dear Sir, very sincerely yours, 

Robert St^iemon, Esq. William Faibbairn. 

This altered form of the tube, as well as the improved distri- 
bution of the mateiial, not only balanced the two resisting forces 
of extension and compression, bnt, what was of e(\\m\ importance, 
appeared to estal)lisli the law ss hicb pnveni< the stnnigth of 
wrought-iron tubes, and thus enabled us to judge, with greater 
piecision, as to the comparative values of these resbting forces. 

In these experiments, the ratio between the areas of the top 
and bottom sides of the tube was nearly as 5 : 3 ; and although 
subsequent trials, upon a larger scale*, with better proportioned 

* Vide experiments on the model tube in tiie Appendix. 
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uiid more perfectly const i iicted cells, gave iin])roved results, these 
experiuients were neveitiicless highly satisfactory and supplied 
sufficient data on which to proceed, with some degree of cer- 
tainty, in preparing the designs and sectional drawings for the 
large tubes. 

It is from this periorl that I date tlie disnjjpciinincc of ahiiost 
every diificulty respectiug the construction and ultimate fornia- 
tian of the Britannia and Conway tubes. The powerful resist- 
ance offered to compression by the cellular form of the top, as 
exhibited in the last experiment, at once decided, in my mind, 
the form to be adopted in those for the hu ge tubes, and from 
this time forw^ard T had no doubts as to the practical )i]ity and 
complete success of the undertukiug. If the tube had been 
abeady constructed, I could not have seen my way more clearly 
than I did on this occasion, and my only regret was, that 
Mr. Stephenson did not entertain the same degree of con- 
fidence. 

My mind was so strongly impressed with the necessity of 
perseverance, that I never lost sight of the great object of our ex- 
periments, till the Conway tube was completed and safefy landed 
in its place. I never thought of fidlure— I bad no misgivings 
as to the result. The conviction on my mind was, in fact, so 
stron*^ as to dissipate every fear, and this w as accompanied with 
a determiuation to encounter every difficulty and to (nircomc it. 
It was owing to this feeling of confidence, that I combated every 
opposition, gave offence to some of my Mends, and ultimately 
carried Mr. Stephenson along with me to the completion of the 
bridge, indeed, that gentlenian will not dischum liis own re- 
peated declarations, that my unlimited conlideuce, and deter- 
mined powers of resistance to those who coudenmed the j)ro- 
ceedings, tended, almost more than anything else, to build the 
bridge." 

In the foregoing letter, it will be noticed, that, in speaking of 

the experiment, 1 obsene, " we lue still iu waut of further in- 
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vestigatioti, in order to obtain a correct and satisfactory formula 
for tlie reduction of the ('xperiint-nts." It will also be observed, 
that the experiments which had akeady born made did not ap- 
pear satisfactory to Mr. Uodgkinson ; but in order that no am- 
bigoily should Test upon them, it was decided that he should 
make his own experiments, and from them, if possible, deduce 
formulae better adapted to the calculations then in progress. 

However I must state, that Mr. llodgkinson's expected 
formulae did not appear in time to be of any service in propor-: 
tioning the parts of the large tubes. The designs and diawings 
for the tubes of both bridges were now m progress, and were 
too far advanced to admit of any essential change. In fact, they 
were designed and proportioned from the ex])erinients made on 
the tube with the corrugated top, and from these experiments 
were deduced certain formulas*, by which were computed the 
strengths and other proportions of the Britamua and Conway 
tubes. 

Tliese cidculations and formula? however were afterwards 
revised, by a more extended seale of experiments made upon tlie 
model tube, which gave better proportions, and caused some 
modifications to be made in the areas of the top and bottom sides, 
which were now taken nearly in the poportion of 6 to 5, m 
the place of 5 to 3, as indicated by the previous experiments. 

The next letter is from Mr. Stephenson, a])proving of the 
whole of the proceedings, and expressing himself perfectly- satis- 
fied with the results derived from the experiments. 

Leeds, Thundfty. 
M T DiAR Sib, (Witlioiit dite. aboat the end of October, 1845.) 

I am really ashamed to take up my pen to write to you. My silence 
mast have givea you the idea, that i am perfectly indiifcrent about the 

* The drawings and designs for the Britannia and Conway Bridges were 
made out. and the paarts proportioned, without the aid of Mr. Hodgkinson's 
formolse ; and the above, as well as other hoUow girder bridges, have since 
been eonetmcted independently of that gentleman's assisUnce. 
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intemliiig tenes of apeiniieiiti yon have been to kind u to nndertske. 
The ▼art and gigantb chtneter of iJie object ne bsve in view, wiD, bow- 
ever, I tntsty protect me from this Butpicion. 

Tour last letter, reporting progress, ww extremely eatii&etory, and I 
was delighted to bear that yon bed meeeeded in obtaining the aanstanee 
cf Hodgldnaon. I hope nncerely be will eontinne to aid ne in onr in- 
vestigations. I purpose being in London all next week, when I should 
be glad to meet you at Miliwall. It now becomes a matter of necessity 
that I should spend some time with you, because I aui compelled to leave 
for Italy towards the end of the month, and before my departure we 
most decide upon some course for the two succeeding mouilis. 

I am prett}"^ well d -ridcd as to the masonry, which should be very shortly 
commence4f but X must have some diBCUBsion with you beforehand. 

Tours ftitbfully, 

WUSam Fnrbaim, JBiq., Engmeer, Mmekeiter, Bobbev SnnmtsoN. 

Erom the montii of October tiU nearly ^e end of November 
Mr. Stephenson was professionally engaged abroad, and, 'during 

that time, little or no progress was made in the experiments. 
Several letters however were \\Titten, and numerous suggestions 
made, relative to the construction and hnn of the cells and other 
parts of the tubes. Among others was that of December the 
3rd> wherein the form of preparing the report is stated*, and also 
the shape of another experimental tube, which was suggested 
for the purpose of rendering the experiments previously made 
stiU more conclusive and satisfactory. 

The time oocnpied in Mr. Stephenson's journey to Italy 
affiirded opportunities for consideration, as to the best at- 
tainable means for the connexion and form of the material 
to be used in the construction of the large tubes. Many 

* The Directors up to this time evinced a great deal of patienee, and 
mtcbed irith coosidefsble interest tbe progress of the experiments made at 
MiUwsll. They however became amdous about thereport, intnrder that Uttif 
migbt hstve sometbiDg definite to ky before the sharehoUen at their next 
geneial meeting. 
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suggestioiis presented themselves, and ninneroi)B sketches and 
drawings were made with reference chiefly to the details of the 

construction. One of the priiu ipal j)nu't ical considerations in the 
construction, was to prov ide a convenient mode of approach to all 
parts of the structure, for the purpose of cleaning, painting, &c. 
This was regarded essential by both Mr. Stephenson and myself 
and hence follow the suggestions, as shown in the diagram and 
sectional sketch at 6, h, stje fig. 15. This plan was subsequently 
al^aiidoned for a cellular top of a more siuiple fonn, lu nrly if 
not equally, as eiiective in its powers to resist strain, and ui all 
respects similar to that suggested to Mr. Stephenson, in my letter 
dated 20th September 1845. 

Mt DBAK Sib, Manchester, December 3rd, 1845. 

Sinoe your dqnttnre, I have been chiefly employed in devisbg means 
tat oompleting the experiments and prqwring the report. I thmk you 
expreaMd a viah, that tliia document ahonld be a joint a&tr, and bear 
the aignatore of aU three, that ia, of B. Stephenson, E. Hodgldnaon, and 
myaelf. VL each still be your insh, it can be so prepaied; but in case 
you should prefer it, Mr. Hodgkinscm could make out a aepante state- 
ment, ^ivinfi^ the details upon which the formula is founded ; I would 
thcu jrivc the experimcuts at Itii^tli, and j)]acL" the wIkiIc in your hands, 
to be inserted in the general report, wliicli ynu would probably prelcr 
di'awiiig up in your own name. ^^ ill you oblige me with a letter, at 
your early convenience, on these points, as it will save time, and enable 
us to liave the description and calculations in a state of forwardness, by 
the time of your return to this country \ I think this arrangement would 
not only save time, but probably some trouble also. 

In order to render the experiments conclusive and satisfactory, I have 
found it neoesaaiy to extend them considerably : first, to meet the mathe- 
maticB of the case, and establish the law which governs the strengths; 
and secondly, to enhurge our views still further upon the subject, by 
another experiment upon the rectangular form, which bemg made, a 
certam proportion of thoae abeady experimented upon would enable us 
to draw oondnsions with still greater certainty as to comparative results. 
For these objects I am now constructing a tube of about 73 feet 6 inches 
span, and of the following sectional dimenaionB : 
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The top to be eompofled of double oorm- Fig. 14. 

gated plates, eaeh j'^th of an inch thickj 
the ndes ^th of an inch, and the bottom 
-^tha of an inch thick. These dimensions 
are, as nearly as possible, ^th of the ase and 
dimensions of the bridge ; and judging; from 
the last ex])erimeut, 1 should infer Iruui 
the poHitiou of the material in the top and 
bottom, that the resistances of coin])re.ssiou 
and extension would be uenrly in e(iuili- 
brlum with each other. With this expe- 
runeut, and those for Uodgkinsou, 1 think, 
we shall be in a position (having so many 
&cts bef<Hre m) to state with oonsiderable 
accnracyj what can be done, on the en- 
Lffged scale, six times the sise of the tnbe 
we are now eonstracting. 

In oonatrncting the liri^ npon the large scale (assnming that the 
lectangohir fonn, with a conrngated or tabnlar top^ is the best calcolated 
to resist compression), I wonld advise that the top part be constmcted as 
per annexed sketch. 

Fig. 15. 





Upon this plan, we should obtain considerable tenacity and stifinesa, with 
the least possible weight of material ; and what is probably of equal im- 
portance, all the parts would be put together in a form adapted for the 

purpose of repairs, painting or construction, as the case may inquire. 

If the corrugatetl j)arts, a, a, a, a, a, 3 feet iii diameter, were composed 
of |ths of an inch plates, and the straight plates, 6, b, b, j^thn of an 
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inch, I have leaaon to believe we ahookl elitnn a degree of stiffiness mf- 
ficient to cany 1000 tone on a apan of 450 feet. Yon will please to 
raminate over theie mattery which I only ofier at anggeatioii^ and b^ 
lieve me always. 

My dear Sir, yonia fitithfully, 

Robert Step/iemon, Esq. William Faibbairk. 

The twofoUowing letters, dated January 8t]i and 12th, 1846, 

contain confirmations of the proceedings and suggestions detailed 
in previous communications, and also an approval of the pro- 
posed arrangements for tlie report to the Directors. The next 
letter, dated Jauuaiy 13th, relates to the difficulties experienced 
by Mr. Hodgkiiiaoii, in his attempts to account nmthematicaUy 
for the " puckering " of the plates on the upper side of the tube. 
There was some hesitation on the part of Mr. Hodgkinson, 
relative to tlie manner and form in wliich the reports should 
appear. Ultimately, however, it was decided, that they should 
be given separately, in order to afford an opportunity for each 
reporter to give his own views in the statements to be laid be- 
fm the Directors. 

24 Great George Street, WestnunsteTt 
Mt dsab Sib, Junuury 8th, 1846, 

Your letter misled me when I was abroad, bat I have now received it, 
and X ahall be glad to see you when convenient. I will come to Man- 
chester if you like at once, as the Directors are pressing me to have a fuH 
report ready for them hy the end of this m<mthj in order that they may 
ny something speeific in reference to the bridge at the next geneial 
meetings which will take place aboat the €ih or 7th of next month. I 
hope Mr. Hodgktnson has taeeeeded in obtaining a satia&etcwy fbrmnla. 
Hoping to hear 6om yon by letonij 

1 am, yours faithiully, 
IF. Fmrbmrn, Etq., Engineer, MsMcihtHer, Robest Stbphbnbom. 

My DBAS Sib, Westminster, January 12th, 1846. 

The mode suggested by you in your letter as to the report, I quite 
fall into. If you will report on the experiments, Mr. Uodgkinaon on 
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his mathcnurticd deductions, I wiUiqpon tihese mike a brief report to the 
Board. 

The three reports wiU then form a complete doenment for the Directors. 
Pray do let ns be prepared by the end of the month, for I cannot keep 
the Directors quiet any longer. I wiU come down to see yon if possible. 

Tours fiiithluUy, 

W. Fairbaim, Esq. Egbert Stephenson. 

Mt MAE SiSy Msnchestert Jsnnaiy 13th, 1846. 

The report, accompanied with the experiments, will be arranged and 
drawn up as yon request ; namely, in three divisions, and we shall make 

an efibrt to ha\c all prepared by the time you mention. 

Both Mr. Hodgkinson and myself arc a good deal puzzled with the 
flexible nature of the material; and althon<^'h niy Itist experiments at 
Millwail gave the most satisfactory results m the approximate value of 
the forces on each side of the neutral a\is, there still exists considerable 
difficulty in accounting thcoreticulhj for the "puckering/' and doubling 
up of the tube. We are both of us labouring hard to get over this diffi- 
culty, and hope shortly to reduce it to some fixed law. Meanwhile our 
experiments are not complete, until that important point is fiiUy and 
satisfactorily ascertained. 

I think you had better not visit Manchester for a few days, as I pur- 
pose being in London tomorrow night, and will call upon yon at ten on 
Thursday morning. 

MeaawhiJey I am, yours faithfully, 

B/Aert Stqthennm, Etq. Wiluam Faibbaibn. 

My dear Sir, Manchester, Februury 4Ui, 1S46. 

According to promise, 1 beg to hand you the accompanying statement 
of e3q)erimentai facts, connected with the jiroposed bridge across the 
Maud Straits. 1 trust you will find it in that form best calculated for 
the purpose of communicating with the Directors, and such as yon wiU 
yourself approve. After the meeting, you will perhaps inform mc as to 
your own intentions, and the opinion of the Directors. Mr. Hodgkinson 
and myself will continue to pursue our investigations, and I trust we 
shaU not only have your sanction, but the support of the Directors in 
every attempt to bring the matter to a prosperous issue. 



28 ' FIRST SUGGESTION OF A 

Since your departure yesterday, I have beeD thinking aboat your 
bridge aerosa the ]>ee. VTould not the robject, of which I spoke to 
Mr. Baieman, of three hollow aheet-iron girders answer better than 
anything dsef I oould wish you to try it, and should prefer you doing 
it. Wore even my own aon-in«law. What I would propose, would be 
three hoHow beams, each of them I'jth of the width of the span, and 
eompoeed of plates as per annexed section. 

From the experiments already made, it will be easy to determine the 
tbicknoss of the plates rc(juisitc for britlires of this kuiil, m cragiiiir tVuni 
GO to 120 feet span. 1 think, they will be strong and cheap, and pro- 
vided v>c attach a line ot hollow jjlates, r/, a in the form of an arch, 
well-riveted on each side, we may reasonably count on the required 
amount of rigidity and strength. 



Fig. 16. 




Perhaps these suggestions may be worthy oS attention, and waiting 
your farther instructions, 

I am, my dear Sir, yours faithfully, 

Robert Stephenson, Esq, William Fairbairx. 

The preceding letter, wHcb was forwarded to Mr. Stephenson 

along wall my report to tlic Directors of the Chester and Iloiy- 
lieacl Railway, was written at the time wheu the masonry was in 
progress for a girder bridge of the usual construction over the 
Dee at Chester, and upwards of sixteen months previous to its 
completion. 

The suggestions, relative to the sheet iron fjirders. </]\vn in 
the above letter, were previously conimuiiieated to my .son-in-law 
Mr. Bateman, and he made out drawings fomided on these 
suggestions, which were shown to Mr. Stephenson, and recom- 
mended to him as being a form of girder especially applicable 
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to bridges of great span. Arrangements having probably been 
abeady entered into for the employment of cast-iion trussed 

girders, my proposal, involving an entirely new principle of 
girder, was not adopted. 

The sectional sketch represented at C (tig, 16.) was the only 
drawing contained in my letter to Mr. Stephenson. The com- 
plete drawings prepared by Illr. Bateman, exhibited a lectanguhir 
hoUow beam, having at the top a cylindrical tube enclosed in fi 
square of riveted plates, as shown in the sketch at b, b. 

In addition to tliis fonn of cellular top, it was proposed to 
rivet an arch of semicircular hollow plates on the sides, to give 
rigidity to those parts, as shown in the annexed figure. 

Fig. 17. 




The parts A, A represmt the cellular top, and B, B the pro- 
posed hollow arch riveted to the sides. These modes of obtain- 
ing additional strength were idtiniately abandoned, for the 
simple square cells and straight sides, with interior T iron 
covering the vertical joints of the plates, which was found quite 
sufficient to give the requisite stiffiiess to the sides. 

It may not be inexpedient here to insert the Reports, as given 
to the Directors of the Chester and Holyhead Railway, and read 
at the general meeting of tlie sul)seri])ers in February 1846. 
In these reports, will be seen the respective views of the reporters 
rektive to the experiments, as well as to the chances of ultimate 
success in the construction of the Tabular Bridge across the 
Menai Straits. Mr. Stephenson states in his report, (which is 
evidently drawn up with great care) that he is satisfied witli 
the results of my experiments, and as a necessary con.se(juence, 
his opinion, as to the advantages of a simple tubular structure, 
appears to be considerably strengthened; he observes, *'that 
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the Bdoption of a wrought uon tube is the most effident, as well 
as the most economical, description of structure that can be de- 
vised for a railway bridge across the Menai Straits." 

Mr. Stephenson then goes on to explain the natui'e of tlie ex- 
periments, adniittiug the anomalous eharaeter of the results of 
some and the etficiency of others, and concludes this part of his 
report by stating, that " another instructive lesson .which the 
exp^iments have disclosed is, that the rectangular tube is by 
far the strongest, and that the circular and elliptical should be 
discarded ;iltor:fcther.** 

Mr. btopiicusou next takes a view of the formula obtained by 
Mr. Ilodgkinson for the large rectangular tube, which indicates 
a breaking weight of 1100 tons, when the plates are assumed to 
be 1 inch thick. Now these calculations, however interesting 
in a scientific point of view, were of no use as regards the con- 
struction of the Menai Bridge; inasmuch as the rectiingular 
tubes, which I had })roposed, having a far more economical dis- 
tribution of the material, are considerably stronger than those 
to which Mr. Hodgkinson's formula applies. 

From the theoretical investigation of the ultimate strength of 
tubes, Mr. Stephenson })roeeeds at once to discuss the merits of 
my rt [)(jrl, wherein it is stated, that the tube '* sliould be a 
huge sheet-iron hollow girder, of sutiicient strength and stiff- 
ness to sustain those weights (about 2000 tons); and, pro* 
vided He parts tare toeU'proportioned, and the plates properly 
rwetedy you may strip off the chaine, and leave it as a ueefid 
moiunnent of the enterprise and enprgy of the age in which it 
was CO fist rue fed" To these views Mr. Stephenson does not 
appear fully to subscribe, nor did he do so for some months 
afterwards. At the dose of his report, he merely adduces some 
examples of the danger attending the use of chsins, in the 
ordinary form of suspension bridges, and concludes witli a 
cautions rcservution of opiiiiijii as to the adoption or rejection of 
such auxiliary means of support. 
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In my report, alter giving ft detailed aootnmt of the experi- 
ments which I liinl made, statin<^ the results as well as pointing 
out the anomalous circumstances which occasionally presented 
themselves, I observe, " So far as our knowledge extends, — and 
judging fiDom the expcfiments already completed, — I woold 
venture to state that a Tubular Bridge can be constrocted, of 
such powers and dimensions, as will meet, with perfect security, 
tlie requirements of railway traffic across the Straits. The 
utmost care must, however, be obsen ed ui the construction, and 
probably a much greater quantity of material may be required 
than was originally ccmtemplated/ before the structnre can be 
oonsidered safe." 

Mr. Hodgkinson's report comprises much useful scientific 
information. lie applies his formulae to the finding of the 
amount of strain, per square inch, on certain simple geometrical 
forms of tubes ; but it should be observed, that these calcula- 
tions present no rule for estimating the strength of the material 
in tubes, having the cellular structure recommended by me. 
The decision come to by Mr. Uodgkinson is not in accordjiuce 
with my views ; for he concludes his report with observing, " If 
it be determined to erect a bridge of tubes, I would beg to 
recommend that suspension chains be employed as an amdliaiy, 
otherwise great thickness of metal would be required to produce 
adequate stifiness and strength.** 

Frfmi a perusal of these reports, it will be seen, that neither 
Mr. btephenson nor Mr. Uodgkinson entertained the idea of 
making the tubes support themselves, or of entirely dispensing 
* with the dangerous incumbrances of diains. On the contrary, 
that form of structure (the form which the Menai Bridge 
now has) was advocated by me alone, in opposition to the 
views which these gentlemen had at that time, and which 
they from the very first had entertained, and to which they, 
for some months afterwards, tenaciously adhered. My objec- 
tions to the employment of auziliaiy chains, as I have abeady 
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stated, were grounded on their flexible nature, and tbe anta- 
gonism of this qualily to the perfectly rigid character of the 
tubular portion of the structure. That the cliains have been 
stripped oft' the tubes, is therefore, in ni) opiuitHi, ouv of the 
most important of the precautious whicli have bccu taken ibr 
the security of the bridge. 



MR. STEPH£NSON'S REPORT. 



24 Great Oeoxge Street, Westminster, Feb. 9, 1846. 

7b the Direetor» of the Chetter and Holi/head Railway. 
Gentlemen, 

In reporting to you the pn^resB which has been made in the w<Hrkt, 
I beg to rder yoa to the statements of Mr. fioes and Mr. Foster, made 
from tine to time, aa regards those under eontiaet. In addition, I need 
only state, that last week I esamined them peraonaHy, and found the 
whole pragieaaing in the moat satis&ctoxy manner. I will therefore 
proceed at once to lay beflDre yon the leanlta of the experimental inves- 
tigaticm whiehj with yonr sanction, I eommenced some montiis ago in 
reference to die construeti<m of the bridge over the Menai Straits. 

The object of this investigation, aa yon are aware, was to test the tmth 
of the views I entertained respecting the employment of a large wrought 
iron tube, instead of cast iron arches, as was originally proposed, but 
which we were compelled to abandon, in consequence of the Admiralty 
refusing to allow the erectiou of such a structure, from the belief that it 
would injuriously interfere with the navijration of the Straits. 

In conducting this experimental investit^ation, I saw^ the importance 
of avoiding: the influence of any preeouceived views of my own, or at least 
to check them, by calling in the aid of other parties thoroughly conver- 
sant with such researches. For this purpose, I have availed myself of 
the assistance of Mr. Fairbaim and Mr. Hodgkinson ; the former, so 
well known for his thorough practical knowledge in such matters; and 
the latter, diatingniahed as the firat adentific authority on the strength 
of iron beams. 

These gentlemen have pmmied the subject with deep interest j and 
although they have not yet been able to bring the &cts into a final and 
definite shape, they have each complied with my request that they would 
communicate their views upon the results which have ahready been arrived 
ait. I therefore append to this Beport, their observations just as I re- 
ceived them. They wiD, I am confident, prove satisfactory to you. 

I have, throughout the experiments, carefully studied the results ii& 
they developed themselves, and I am satisfied that the views 1 ventured 
to express twelve months ago, were in the main correct ; and that the 
adoption of a wrought iron tube is the most efficient, as well as the mf»t 
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econoniical, deacription of structure that can be devised for a railway 
bridge across the Menai Straits. 

In the course of the experiments, it is trne, some unexpected and ano- 
malous results presented themselves; but none of them tended iu my 
mind to show that the tubular form was not the very best for obtaining 
a rigid roadway for a raiboad over a span of 450 feet, whkh is the abso- 
lute requirement for a bridge over the Menai Straits. 

The first scries of experiments was made with plain circular tubes, 
the seeoiid with elliptical, and the third with rectaninilar. In the 
wliole of these, this rpmarkal)le and unexpected fact was in-ou^'lit to li|j;l»t, 
viz. that ill sudi tuhes iln. power of wrought iron to resist coiJi|iri's''ion 
was much less than its power to resist tension, — beinsr exactly the re- 
verse of that which holds with cast iron : for example, in cast iron beams 
for sustaining weight, the proper form is to dispose of the greater por- 
tion of the material at the bottom side of the beam, — whereas with 
wrought iron, these experiments demonstrate beyond any doubt that the 
greater portion of the material should i>e distributed on the upper side 
of the beam. We have arrived therefore at a fact having a most im- 
portant bearing upon the construction of the tube; vis. that rigidity and 
strength are best obtained by throwing the greatest thidcness of material 
into the upper side. 

Anotbw instructive lesson whidi the experiments have disclosed is, 
that the rectangular tube is by far the strongest, and that the circular 
and elliptical should be discarded altt^ether. 

This result is extremely fortunate, as it t^reatly facilitates the mecha- 
nical arrangements for not merely the constructiuu, but the permanent 
maintenance of the bridge. 

We may now therefore consider that two essential points have been 
finally determined ; the form of the tube, and the distribution of the 
material. 

The only important question remaining to be determined, is the absolute 
ultimate strength of a tube of any given dimensions. This is of course 
approximately solved by the experiments already completed; but Mr. 
Hodgkinson very properly states, that othen, widi tubes of more varied 
dimensions^ should be continued in order to dear np some anomalies 
which still exist. 

The formula as at present brought out by Mr. Hodgkinson, gives the 
strength of a rectangular tube of the dimensions 1 proposed, \is. 450 
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feet long, 15 feefc wide, by 80 feet high (assimuiig the plates to be 1 inch 
tluck), equal to 1100 tons applied in the centre, indading the weight of 
the tube itself ; but, deducting the latter, eqnal to 747 tons in the centre, 
— or double this, supposing the wtiight to be uniformly distributed over 
the whole 450 feet. 

This unt of strength, although sufficient to carry any weight that 
can in practice be placed upon the bridge, is not suilicicntly in excess for 
practical purposes. It is on this ground, therefore, I have requested 
Mr. Hodgkinson to devise a few more experiments in the shape best cal- 
culated to free the formula from all ambiguity. In the meantime, how- 
efer, as I consider the main question settled, 1 am proceeding with the 
designs and working plans for the whole of the masonry, whidi T expect 
to have the pleasure of submitting to you in a fortnight from this 
time* 

Yon win observe in Mr* IVurbaim's remarks, that he contemplates the 
feasibility of stripping the tube entirely of all the diama that may be 
required in the erection of the bridge; whereas, on the other hand, Mr. 
Hodgkinson thinks the chains will be an essential^ or at all events a useful 
auxiliaiy^ to give the tube the requisite strength and rigidity. This, 
however, will be determined by the proposed additional experimenta, and 
does not interfere with the coostmctkm of the maacmry, which is designed 
so as to admit of the tube, with or without the chains. 

The application of chains as an auxihary has occu])ied much of my 
attention, and 1 am satisfied that the; ordinary mode of applying them to 
suspension bridges js whi;lly nuKlmissible in the present instance; if, 
tlien torr, it be hereafter found necessarj' or desirable to employ tht-m 
in conjunction with the tube, another mode of applying tiiem nnist hr. 
devised, as it i» absolutely essential to attach them in suck a manner as 
to preclude the possibility of the smallest oscillation. 

In the accomplishment of this I see no difficulty whatever ; and the 
designs have been arranged aocordingly, in order to avoid any further 
delay. 

The injurious consequences attending the ordinary mode of employing 
chains in snqiension bridges, was brooght under my observation in a very 
striking manner on the Stockton and Darlington Railway, where I was 
called upon to erect a new bridge for carrying the railway across ^e 
River Tees> in lien of an ordinary suspension bridge, which had proved 
an entire failure. 

i) 2 
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Iminedulely on opening the lUBpenaMm bridge Ibr railway traffic^ the 
Qndulationa into which the roadway was thrown, by ih» ineritaUe 
nneqnal diatribntion of the weight of the train upon it, were each aa to 
threaten the inatant downfall of the whole atnieture. 

These dangerous undulations were most materially aggravated by the 
chain itself, for this obvious reason, — that the platform or roadway, which 
was constructed with ordinary trussing for the purj)()se of rendering it 
cfnnparativcly rigid, waa suspended to the chain, wlncli was perfeetly 
liexible, all the parts of the latter being in equilibrium. The >f i n lure 
waa, therefore, composed of two parts, the stability of the one i)eing 
totally incompatible with that of the other : for example, the moment an 
uneqiial distribution of weight upon the roadway took place by the pas- 
sage of a train, the curve of the chain altered, one portion descending at 
the pobit immediately above the greatest weight, and consequently 
causing some other portion to aseend in a corresponding degree, which 
necessarify raised the platform with it, and angmented the undula- 
tion. 

So senondy waa this delect finmd to operate, that iiwinfdifiift ateps 
were talcen to aiqpport the platform underneath by ordinary truasing ; 
in short, by the erection of a complete wooden bridgef which took off a 
large propottiim of the strain upon the chaina. If the chains had been 
wholly removed, the snbstructove would have been more eflfecttve j but aa 
they were allowed to remain, with the yiew of assbting, they still partake 
of these changes in the form of the carve, consequent upon the unequal 
distribution of the weight, and eventually destroyed all the connections 
of the wooden framework undi rneatli the platform, and even loosened 
and suspended many of the pile^s upon which the framework rested, and 
to which it was attiii li d. 

The study of thcst iuid (jtJier circumstances connected with the 8tocktou 
Bridge, lead mc to reject all idea of deriving aid from diaius employed 
iu the ordinary manner. 

I have therefore turned my attention to other modes of employing 
them in conjunction with the wrought iron tube (as si^ested by Mr. 
Uodgkinson), if such should be found necessary upon further investiga* 
tion. 

As I have already stated, in this I perceive no difficulty whatever] 
indeed, there is no other construction which haa occurred to me, which 
piesents such facilitiea aa the rectangular tube for such a combination. 
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Havmg, 1 trust, clearly ex])lained ray views in reference to this im- 
portant work, I have only to addj that in two months I expect every 
arraugement will be completed for commcnciiig the masourj, wluck shall 
be conducted with the mmost activity and vigour. 

I can scarcely venture to say, until after these arrangements are finally 
completed, at what period we may calculate upon the completion of thi» 
bridge : but I cannot recommend you to calculate upon the whole being 
acoomiklished in lew than two jean and a half. 

I am, Grcntlemen, your obedient Servant, 

BOBBBT StBTHINSON. 



MR. FAIKBAIRN'S R£POKT. 

Abstract or ttimri Su/Hiuunj of Remits from Experiments relative to the 
proposed Bridge acrn^s the Menai Straits, addressed io lioOert Stephen' 
son. Esq, By W. ai&bairn. 

After a aeriea of eiperimenta undertaken at your request^ &r asoer* 
iaimng the atfongeat form of a Sheet-Imi Tabular Bridge aooaa the 
Menai Straits, I have been indueed, in order to meet the reqtiimnentB 

for 8uch a stntctore, and to ensure safety in the construction, to call in 
the aid and assistance of my friend Mr. Hodgkiii^on. 

The flexible nat m e of the material, and the difficulties which presented 
themselves in retuming the lighter description of tiii)es ni shape, gave ex- 
ceedingly auoraalnns results ; and havinG" no fornnila on which depend- 
ence could be placed for tlie reduction oi the exi)erinients, I deemed it 
necessary, in a subject of such importance, to secure the cooperation of 
the first authority, in order to give confidence to the Chester and Holy- 
head Railway Company, with whom yoa are eonnected, and the public 
generally. 

It will be obaenred, that the fint daas of experimenta are upon qrlin- 
drical tal^ea; the leoond upon those of the elliptieal form; and the 
last upon the reetangular kind. Tubes of eadi sort have been carefoUy 
tested, and die resoItB recorded in the order in whidi Uiey were made; 
and moreover, each specimen had direct reference to the intended bridge, 
both as regards the length and thickness, as also the depth and width. 
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In the first ckn of experiments, which ace those of the cylindrical 
form, the results axe as fonow : — 



Nu. of 
cKpcri- 


between 
the •»{>• 
ports. 


Ouuaelcr 
iolBcbM. 


ThickneM 


Ultimate 
deflaetkn 
iBiadMi. 


Breaking 






ft. in. 












1 


17 0 


1218 


•0408 


•39 


3,040 


Crushed top. 


2 


17 0 


12-00 


•0370 


•65 


2,704 


dittik 


3 


15 71 


12-40 


•1310 


1-29 


11,440 


Ton ■nnidMr sft fhe tntUnn. 


4 


23 5 




•nr)H2 


•56 


6,400 




5 


23 5 


17-t)8 


•0631 


•74 


6,400 


ditto. 


6 


23 5 


181H 


•1190 


119 


14,240 


ditlo. 


7 


31 3i 


24 00 


-0954 


•63 


9,760 


ditto. 


B 


31 3i 


24-30 


•13501 


•95 


14,240 


ditto. 


9 


31 3^ 


24-20 


H»ft4 


•74 


10,880 


dittOb 



With the exception of the first twOj neaifythe whole of the tubes were 
ruptured hj tearing asunder at the bottom through the line of the rivets* 

Finding the cylindrical f<Mrm comparatively weak, the next experiments 
were upon tubes of the rectangular shape^ which gave much better re- 
sults. For the present, it may, however, be more convenient to take the 
eDipties] kind, as being the nesrest approximation, as regards both form 
and strength, to the c}^nders recorded above. 



Emptied J\Ae», 



No. of 
experi- 


Distanrr 
between 
the sup- 
pons. 


1 ii:iincter», 
ifi»niner»e 
and cun^u- 
mtc, in 
umImi. 


ThicknrM 
uf plates 
in indies. 


rUiinatc 
iuincka. 


Breaking 




19 


ft. in. 

17 0 


- 


r 14-621 


• 


•0416 


•62 


2.100 


Cnubed on top. 


20 


24 0 


< 


13-50 J 




1-1320 


1-36 


17^76 


Brake by eiteMfam. 


21 


24 0 




21-25 
[ 14-12 J 


• 


•0688 


•46 


7^70 


By oompcesdoM. 


22 
24 


18 6 
17 6 


• 


1200 
7-50 

15-00 
975 


> 


-0775 
-1430 


■yj 
1-39 


G,H67 
15,000 


r By corapnsMoii. This tulic 
\ bad a fin cm \\\c. top side. 

Both adn were ruptured. { 



It will be observed that the whole of these experiments indicated 
weakness on the top side of the tube, which, in almost every case, was 
greatly distorted by the force of compreasion acting in that direction. 
It is probable that those of the cylindrical form would have yielded in 
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like mAaner, had the riveting at the jointa been equally perfect on the 
lower aide of the tobe. This was not| however^ the caae, and henee arise 
the eansea of rapture at that pai-t. 

The next experiments, and probably the most important, were those 

of the rcclaugulai kmd, thev indicate a considi-rably iiicrea;jcj strength 
when compared with the cvUiuUical and elliptical forms j and, consider- 
ing the many advantages which they fiossess over every other yet expe- 
rimented upon, I am inclined to thnili them not only the strongest but 
the best-adapted (either as regards lightness or security) for the proposed 
bridge. 

Rectangular Tubei. 



No. of 
experi- 
menu. 


Oiataoec 
between 
■up- 
purta. 


Depth 

in 
incbe*. 


Width 

in 
inches. 




ft. in. 






14 


17 6 


9-6 


9-6 


14 


17 6 


9-6 


9-6 


15 


17 6 


9-6 


9-6 


15a 


17 6 


9-6 


9-6 


16 


17 6 


18-25 


9-25 


16a 


17 6 


18-25 


9-25 


17 


24 0 


1500 


2-25 


18* 


18 0 


13-25 


7-50 


23 


18 6 


13-00 


800 


S9 


19 0 


Ij 40 


7-75 



ThickBeM of 
plate in Inches, 



Top. 



-075 



Bottom. 



•075 



•2721 -075 
•075' 142 
•U2: 075 



•059 
•149 
•160 
•142 
•0«6 



•149 
•059 
•160 
•142 
•066 



•230 -180 



I 



Ultinute | Breaking 
weight 



(ieAection 
in inches 



1-10 

1-88 
093 

1- 73 

2- 66 
1-71 
1*19 

I '59 



in II 



3,738 Broke by eompreMion. 

8,273 (ReTcraed). Ezlemdon. 

3,788 Oompresiuon. 

7,148 RsteDtion. 

6.812 Comprestion. 
12,188 ditto. 
1 7,600 ditto. 
13,680 ditto. 

8^18 CompnttkNi. dreotur liot* 

torn, fin at top. 

22,469 Sides distorted. Corrugated 



On eonsultifig the ahove table, it will be found that the results as 
re^ipoets strength are of a higher order thssit those obtained from the 
cylindrical and elliptical tubes; and particuiui-ly those constructed with 
stronger plates on the top sidej which, in almost ever)' exjn riinent where 
the thin side was uppermost, gave dgna of weakness in that part. Some 
eoriooaand interesting phenomena presented themselves in these eiperi-* 
meats, — many of them are anomalous to our pfeconceived notions of the 
strength of materials, and totaUy different to anything yet exhibited in 
any previous research. It has invariably been. observed, that in almost 
every esperiment the tabes gave eridenee of weakness in their powers of 
resiatanee on the top aide, to tiie^foroes tending to erush them. This 
was strongly exemplified in experiments 14, 15, 16, &c marked on the 
drawings and the table. With tubes of a rectangular shape, having the 
top side abont double the thickness of the bottom, and the sides only 

* Nearly ^th the height. 
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half the dudmCMof thebottan^oroiie-finirtili thethidc- 
neaa of the top, nearly douUe the stnogth waa obtamed. 
In experiment 14 (marked in the mugai of the abore 
table) atabe of the rectangular fomi, aa per anneied 
aketch^ 9^ indies squai c, with top and bottom platea of ^ 

equal thickness, the breaking weight was 8738 Iba. 

Biveting a stronger plate on the top side, the strength 1^^^^ ^ 
was increased to J 



The dilFeicuce being 4535 lbs., 

considerably more than double the strength sustained by the tube when 
the top and bottom sides were equal. 

The e\j)eriiH! iit s i^ivi'Ti in No. 15 are of the same chai'acter, where the 
top plate is as near as possible double the thickness of the bottom. In 
these experiments, the tube wf^ first crippled by doubling up the thin 
plate on the top side, which was done witli a weight of 378Blbs. 

It was then reyersed with the thick side upwards, and by"] j-^^yj^ 
this change the faieaking weight was incressed to . . .j 

Making a difference of 8360 lbs., 

or an increase ct nearly double the strength, by the simple operation of 
reversing the tube, and taming it upside down. 

The same d^ree of importsnoe is attached to a nmikr 
form, when the depth in the middle ia double the width 
of the tube* From the ezperimenta in No. 16, we deduce 
the same results in a tube of the annexed sectional form, 
where the depth is I8(, and the breadth 9^ inches. 

Loading this tube with 6812 lbs. (the thin plate being 
uppermost), it follows precisely the same law as before, 
and becomes wrinkled, with a hummock rising on the top side so as to 
render it no longer safe to sustain thr Kiad. Take, however, the same 
tube, and reverse it with the thick j latr ii|v^' ards, and you not only 
straighten the part previously injured, but you increase the resisting 
powers from 6812 lbs. to 12, 1 HH l])s. Let us now examine /J^^^^-^^X 
the tube in the 2Uth exj)ennient, where the top is com- '^^^•^^[^ 
posed of corrugated iron, as per sketch, forming two 
tubular cavities extending longitudinally along its upper 
side. This, it will be observed, presents the beat form 
for resisting ^e "puckering,'' or crushing force, which, 
on almost every occasion, was present in the previous eX' 
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periments. Hsving loaded the tube with incKflimg weights, H ulti- 
mfllelj gave way by tearing the ndee ficom the top and bottom plates, at 
nearly one and the aame inatant after the last weight, 22,460 Ibe., whs 

laid on. The greatly increa^ strength indicated by this form of tube 
is highly satisiactorj', and provided these facts be duly apprcnatui m the 
construction of the bridge, they will, I have no doubt, lead to the balance 
ot the two resisting forces of tension and compression. 

The results here obtained are so essential to this inquiry, and to our 
knowledge of the strength of materials in general, that I have deemed it 
enential, in thia abridged statement, to direct attention to facts of im- 
mense value in the proper and judicious application, as well as distribo- 
tioD, of the material in the pcopoeed structure. Strength and lightneas 
are desiderata of great importance, — and the circumstances abo?e stated 
are well-worthy the attention of the mathematimn and engineer. 

For the preaent we ahall have to eonnder not only the due and perfect 
proportion of the top and bottom aidea of the tabe, but alio the adflbn^ 
ing of the aidea with thoae partay in order to effect the required rigidity 
fyt retaining the whole in ahqie. Theae are eonaideratione which reqnire 
attention : and till farther eiperimenta are made, and probably tome of 
them upon a larger scale, it would be haiardooa to pronounce anything 
defmite as to the prii}>ortion of the parts, and the equaUiation oS the 
forces tending to the derangement of the structure. 

So far as our knowledge extends, — uiid judging from the experiments 
already completed, — T would venture to state that a Tubular Bridge can 
be coti.sLi acted, of such powers and dimensions as will meet, with perfect 
security, the i ( qnircnicnts of railway traffic across the Straits. The 
utmost care must, iiuwi \ , In ofinervcd in the construction, and probably 
a much gi'eatcr quantity ot nmteruil may be required than was onginaUy 
contemplated before the stnicture can be considered aafe. 

In this <^pinion Mr. Uodgkinaon and myself aeem to agree: and 
although suspension diaina miy be useful in the construction in the first 
instance, they would nevertheless be highly improper to depend upon as 
the principal support of the bridge. Under every circumstance, I am d 
opinion that the tubes should be made suiBciently strong to sustain not 
only their own weight, but in addition to that loadi 2000 tons equally 
distributed over the sorftce of the platform, a load ten timea greater tfami 
they will ever be called upon to support. 

In fact, it should be a huge sheet-iron hollow girder, of sufficient 
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strength sod atiffiieiB to Biutain those weights; and, provided the parts 
aie veU-proportioned, and the pktes properly riveted, joa may atrip off 
the ehains, and leave it as a oBefol monument of the enterprise and energy 
of the age in which it was eonatroeted. 

In the porsoit of the etperimenta on the rectangular aa well aa other 
descriptions of tubes, I have been most ably asststed hy my excellent 
friend Mr. Hodgkinson; his scientific and mathematical attainments 
render him wcll-ciualified for snch researches; and 1 feel myself indebted 
to him for the kind advice and \ aluable assistance w hid i In* has rendered 
in these and other invest igatiuiis. 1 am also deeply nidcljtcd to youraelf 
and the Directors for the confidence you have placed iu my efforts, and 
for the encouragement 1 have uniformly received during the pn^ressive 
developments of this inquiry. 

But, in fact, the aabject is of such importance, and the responsibilities 
attached to it are so great, as to demand every effort to demonstrate, cal- 
culate, and advise what in this case is best to be done. Both of u» have 
therefore laboured incessantly at the task, and I am indebted to my friend 
for the reduction of the expecimenta which I would not attempt to weaken 
by a single observation. 

\Vm. Faikbaibn. 



MR. HODGKINSON'S REPORT. 

SUMMARY OF BESXJLTS 

Clftred, in em^uneHon with one WU&am Fakrhmm, Btq,, MJ,C,E, 
to Bohert Stephenson, Esq,, M.LC,E., ^» Sfe,,for the ZHreetors of the 
Chester and Hohfhead JtaUwajf, on the sukjeet of a proposed Bri^ 
across the Menai, near to Bangor. By Eaton Hobokinson, FJL8* 

Having in the month of August last year been requested to render 
aaaiatanoc, principally in a scientific })oiut of view, with respect to the 
experiments to ascertain the practicability of erecting a Tubular Bridge 
aeiosa the Menai Straits, of sufficient strength for railway trains to pass 



MR. HUDijKlNSON S UEi'OET. 



43 



thfougli it with safety^ I attended twice in London for that purpose : 
and as the expenmaitt made there were on tubes of variona forma of 
section, indading several eltiptical and circular ones, I investigated for- 
mulae for reducing the strength of tlie leadiiiic ones. It appeared evident 
to rae, however, that any conclusions deduced from received principles, 
with respect to the strensrthul ilun tubes, could onlyUc ajipioxiuiatious j 
lor these tubes usually give way by the top or compressed aide becoming 
wrinkled, and unable to offer resistance, long betore the parts subjected 
to tension arc strained to the utmost they would bear. To ascertain 
how far this defect, which had not been contemplated in the theory, woidd 
affect the truth of eomputations on the strength of the tubes proposed to 
be used in the bridge, — and also to show whether the principles generally 
received could be apphed with certainly in reasoning as to the strength 
of the bridge from that of models eompantivdy very small, — ^for these 
two purposes I nrged the necessity of a number of fundamentel ezpe> 
riments^ whieh^ besides supplying the wants above-mentioned^ might 
enable me to obtain additional information to that from Mr. Fairbaim's 
experiments, with respect to the proportions that the different parts ci 
the section of such a bridge ought to have, as weQ as what f<ttm it should 
he of, in order to bear the most. 

Feeling that there might be objections against allowing me to ibUow 
the course I proposed, however necessary it might appear to myself, I 
suf^ge.sted a nnich more limited scries of experiments than now appear 
to me to be neccssarv ; and, as the time eonsumed in getting the plates 
rolled and the tubes prepared, caused the e\j)eriments to be delayed till 
the begiuuiiig of tlu: year, tJu: time given me has been too limited to ob- 
tain all the facts which the few experiments proposed would hn\ e afforded. 

I will now give the results, so far as they have been obtamcd and seem 
worthy of reliance, subject to correction from future experiments ; begin- 
ning with the reduction of Mr. Fairbaim's experiments on the strength 
of tubes of wrought iron made of plates riveted together. 

CyHndrieal T\ibe8. 

The strength of a cylindrical tube, supported at the ends, and loaded 
in the middle, is expressed by the fcHrmula 
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whore I it the diftanoe between the eapports; a, the external and 
intenial ladii; w the bfeaking weight ; / the stcain upon a unity o£ aee- 

tion, as a square inch^ at Uie top and bottom of the tube, in conaequenoe 

of the weight w; ir=3*14159. 
From tiiis iurmuia we ublaiii 

As it Will be convenient to know the strain / per square inch which 
the metal at the top and bottom of the tube is bearing when rupture 
takes place, this value will be obtained from each of Mr. Fairbaim's ex- 
periments : the value w being made to indode^ besides the weight laid 
on at the time of fracture, the pretaore from the weight of the tube 
between the aapporta, this last being equal to half that weight. Com- 
puting the leadtSj we have firom 

Experiment 1. / =83456" 

2, / =834^6 

3, / =85462 
„ 4, /=82415 

5, /= 30078 
„ 6, / = 33809 

^ 8, / = 22655 
„ 9, /=25095j 

Fracture in all caaea took place either by the tube &iling at the top> 
or tearing aeroea at the rivet-holes; this happened on the average, as 
appears from above; whm the metal was strained 13^ tuns per square 
inch, or little more Uian half its full tensfle strength. 

Elliptical Tubes. 

The value cSfmm eOiptieal tube broken as before (the transverse 
ams bemg vertieal), ia eqnesaed by the formula 

where a, a, are the semitransverse external and internal diameters ; b, 
the aemiconjugate external and internal diameters ; and the rest as be- 
fore, w including in all cases the pressure fr<mi the weight of the beam. 



>Mean 29887 lbs. =13-34 tons. 
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Gompiitmg the leMdta firom Mr. Fairiwini's eq»erinieiito| we have firom 

lbs. 

Eiperinusat 20, /s86938| 

„ /s29144 Mean870691bi.«sl6*65toiii. 

Rectangular Ikibet, 

If in a nsetngiihr tuh^employed as a heam, the thicken of the top and 
bottom be eqiu4>aiid the ndes aie of any thkJ&ess at pleai^ 

. Bipjtf 

m which rf, d, are the external and intenial depths respectively; b, 6^ the 
external and internal breadths ; and the rest as before. 
M r. Fatrbaim's experiment No. 14 gives by reduction 

/s 18495 Iba. =8-2666 tona. 

This is, however, much below the Talne whkh aome of my own expe* 

rimeiitH give, as will be seen farther on. 

The value of/, which represents the strain upon the top4>r bottom of 
the tube when it gives way, is the quauiity per square inch which the 
material will bear either before it becomes cnishcd at the top side or torn 
asunder at the bottom. Rut it has been mentioned before, that thin 
aheeta o£ iron take a corrugated ionu with a much less pressure than 
would be reqoiied to tear them asunder ; and therefore the ^^luc of/, as 
obtained from the preceding experiments, is generally the resistance of 
the material to crushing, and would have been so in every instance if the 
pktea on the bottom aide (aobjected to tennon) had not been rendered 
weaker by riveting. 

The e]qperimentB made by myielf were directed prineipally to two ob- 

jeeta: — 

I. To aacertain how 6r1hi8¥dneof/wodd be afiected by changing the 
thieknen of the metal, the other dimennona of the tube bong the tame. 

n. To obtain the atrength of txhat, preciaely simihur to other tabea 
fixed on,— but proportionately ksa than the fonner in all thdr dimen- 
sions, as length, breadth, depth and tludoieaa,— in order to eDable na to 
reason as to strengih from one size to another, with more certainty than 
hitherto, as mentioned before. Another object not fiyr pursued, was to 
seek for the proper proportion of nu lal m ilic top and bottom of the tnbe. 
Much more is required in this direction. 
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In the three aeries of eqierimenta made, the tubes were raetai^wAir, 
and the dimendonB and other values are given bdov. 



LniKth 
of tiuw. 


Weight of 
ton*. 


Diatmnce 

between 
BupporU. 


Depth of 
tube. 


Breadth 
of tube. 


Thickne**! I«««t ob- 
of plates ' icrved de- 
uftube. I fleedoo. 


Coire- 
■ponding 
weiglit. 


ing 
weight. 


V«luc of / 
for cnwh- 
ing •tnin. 


ft. in. 
31 6 
31 G 
3i 6 


twt. qra. 
14 3 
24 1 
10 1 


ft. in. 
30 0 
30 0 
30 0 


inches. 
24 nearly 
24 „ 
24 ., 




iiii hr». 

16 ncarlv 
16 „ 
16 „ 


inch. 
•525 
•272 
•124 


inrhe*. 

3-03 

1-20 


20-3 
504 


t.>nfi. 

22-7 b 
5-53 


tons. 
1917 
14-47 
7-74 


8 2 
8 2 
8 2 


nt. 

78 13 
38 11 


7 6 
7 6 
7 6 


• 

6 „ 
6 „ 
6 


4 „ 

4 

4 


•132 
•065 


■66 
•32 


Iba. 

9,416 
2,696 


a,976 
3,156 


23- 17 
15-31 


4 2i 
43i 


10 12 
4 15 


3 9 
39 


3 

3 „ 


2 „ 

2 M 


•061 
•03 


•4.n,^ 
•13 


2.m 


2,4 r<i 

672 


24-56 
13-42 



The tube plaeed first in each aeries is intended to be proportional in 
every leading dimenaion, as distance between supports, Ineadtb, depth, 
and thickness of metal, and any variations are albwed for in the com- 
putation. Thus the three first tubes of eadi aeries are intended to be 
aixnilar; and in the same manner of the other tubes, &e. 

Looking at the breaking weights of the tubes varying only in thick' 
ness, we find a great falling off in the strength of the thinner ones ; and 
the values of / show that in these — ^the thickness of the plates being 
0 525, 0*272, 0-124 inch — ^the resistance, per square inch, will be 1917, 
I4. 47, and 7*7 Hons respectively. The breaking weights here empluyed 
do not include the pressure from the weight of the beam. 

The value of / is usually constant in questions on the strength of Ijodies 
of the same nature, and represents the tensile strength of the material, 
but it appears from tliese experiiuents that it is variable in tubes, and 
represents their power to resist crippliniz;. It depends upon the thickness 
of the matter in the tubes, when the depth or diameter is the same ; or 
upon the thickness divided by the depth when that varies. The deter« 
mination of the value of /, which can only be obtained by experiment, 
forma the chief obstacle to obtaining a formula for the strength <tf tubes 
of every form. When / is known the rest appears to depend upon re- 
ceived principles, and the eomputaticm of the strength may be made as 
in the 'Application de la M^nique^ of Navier, part 1, Article IV. ; or 
as in papers of my own in the Memoirs of the Literary and Philosophical 
Society of Manchester, vols. iv. and v., second series. I have, however, 
made for the pies«it purpose further investigations on this subject, but 
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defer ginng them till additional information ia obtained on the different 
points alluded to in thia rqiott ; and diia msj aeeonnt for otiier omtaBiona. 
In the last table of experiments the tubes were devised to lessen or to 

avoid the uiioiualics which riveting iiitroJucca, in order to render the 
properties sought for more obvious. Hence the results arc somewhat 
higher than those which woukl be obtained by riveting as generally appUcd. 

The tube, ol feet G inehcs louir, 21'Cwt. 1 qr. weight, and '272 inch 
in thickness of plates, was broken by crushing at the top with 22*75 
tons. This tube was afterwards rendered straight, and hud its weak top 
replaced by one of a given thickness, which I had obtained from compu- 
tation ; and the result was, that by a stnall addition of metal^ applied in 
ita proper proportion to the weakest part, the tube was increased in 
strength from 22*75 tone to 32*53 tona; and the top and the bottom 
gave way together. 

If it be detennined to ereet a bridge of tobee, I wonld beg to reoom- 
mend that anapenaion chains be employed as an anziliazyi otherwiae great 
thiclmeaa of metal would be required to produce adequate stiffiieaa and 
atieogth* 

Eaton Hodokinson. 



AUXILIAKV t HAiNS. 



COERESPONDENCE, &c. (Continued). 



Ai [I F. the completion of the experiments on the tube with a 
corrugated top, and the development of the principle upon 
which the large ones should be constructed, came the question 
of security, in reference to the tubes supporting themselves, in- 
dependently of auxiliaries in the shape of chains. It will be ob- 
servi'd from the rej)ort that I was anxious to clear the tuhi' of 
the incumbrance of chains, which, it mnst Ix' borne in mind 
were intended, from the first, not only for the support of the 
tubes, but for the purpose of canying them forward firom the 
pktfonns, on which they were to be built, across their respec* 
tive spans to their final positions on the piers*. A difference of 
opinion existed on tliis subject, but Mr. Stephenson had made 
up his mind, and hence the suggestions contained in the follow- 
ing letter, dated from Belfast, February 23rd, 1646. 

Mt DBAm Sib, Belfast, Feb. 23rd. 1846. 

I have been oomidering the principle npon whidi you purpow attach- 
ing the cbain, for tiie sapport of the tnhe; and with eveiy deference to 
pur judgement, I am almost inclined to difler with you on that point 

It i^pesn to me that the great and important ccmaideration is, to 
r^eve the strain upon the tube. Itiaqaite dearthat asetieaof chains 
on each aide of the plates, well-fitted and tightly screwed up, would toid 
to stiffen the sides, and give greater rigidity to those parts. This is 
however not what is wanted ; the rigidity is required on the top side ; as 
in all the experiment.^ the sides seldom get out of form, uidess dis- 
torted by the crushing of the top side. Under these circumstances, the 



* Mr. Staphenaoa had a moat ingenious method of aocompliahing this oh^ 
ject. See obaervatums prefixed to my letter, dated July 15tii, 1846. 
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ttiiiemiig in my opbiioii should be on the top 
platfonn of the tube : and the only remedy yet 
fonnd for theee defects, is the oomigated or 
tabular dirtributian of the material in that 
part. 

The great superiority of this form of tdbe is 
clearly demonstrated by experiment 39 in the 
table, where the strength was increased nearly 
threefold, fiuin tlic riiridity introduced by tliis 
form of top, which renden-d the resistance to 
compression, as nearly as possible, equal to that 
of ultimate tension below. I have no doubt, 
when Mr. Ilodgkinson has once attained a 
satisfactory formula for the reduction of this 
form of tube, that the result will, probably, 
not be far from the tiB«»iiw»^n» of the section of 
greatest strength. 

I should conGei?e that, in making the tube 
with a corrugated top, the chains should be 
attached in the following form (fig. 18), and of 
soflicient strength to snstain a load of fitom 
1500 to 2000 tons. This wodd be snfficient 
to sustain the platfiirm for erecting the tubes, 
and by suspending weights at each end, pro* 
bably equal to 800 tons; the tendency would 
then be to support the middle of the tubes at 
AA, and to enable us to lighten them, as much 
as might be consistent with their perfect safety, 
even without the chains. For these oljjects 1 
would respectfully suggest, that the chains 
should not act upon the tubes at any point 
but the centres A A ; and that, for the exclusive 
purpose of relieving the tubes of a part of their 
own weight. With respect to the tube getting 
out of shape, I have no fear of such an occur- 
rence, provided the corrugated top be suffi- 
ciently rigid ; and, in order to stiffen it still 
more, it may be advisable to introduce a hori* 
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lontal screen of iron^ at a beiglit of 15 feet above the rails, uniting tbe 
two lidea, and forming a galleiy as shown m tbe sketch at a (fig. 19). 

These are however matten of detail that can he Fig. 19. 

entered into hereafter. For the present, I shell r^^f^'^^T^^^T^ 
he glad if you wiUreeonsider these points, and let N ^ . /S - ^ /N / 
me have yoor opinion upon them. Mr. Hodg- 
kinson is very desiroos of proaecnting the experi- 
ments still further, for the purpose of attaining, 
ni)t only a correct formula for reducing the tubes 
with the corrugated tops, but to ascertaiu whether 
a still better form may or may not be obtaiucil. 
As soon as these cxperimeut.s are comjilcttd, I shall 
have a tube made exactly ,lth the <limension8 of ^ ^ ? * — 

the bridge; when I have no doubt you will Hiul ^ — 1 1 

the views, I have ventured to express, fully borne out by experimental 
results. For these objects I could wish you to be present at tbe tests, 
in order more elcarly to determine, and with still greater accuracy, the 
proportions, as well as the amount of auxiliary support it will require. 

Yours luthfuDy, 

Mobert Stephenson, Etq* William Fairbaihn. 

From the frequent mec^tings and conversations whicli took 
place from time to tu\n\ it was evident that Mr. Stephenson's 
mind was tineasy, and that he even entertained doubts and feais 
as to the security of the bridge. This is scarcely to be wondered 
at, as up to that time his avocations were such as precluded the 
possibility of his being present to witness a single experiment 
on the strengths of the tubes, liad Mr. Stephenson seen those 
experiments which produced the best results, it might have given 
a different turn to his thoughts, and inspired much greater con- 
fidence than he could possibly have derived from written reports. 

Mr. Stephenson was present at one or two of the experiments 
afterwards made on the model tnhv, and, after witnessing them, 
his fears were in a great degree removed j he then determined 
to abandon the use of auxiliarj' cliains, and from that time, 
October 1846, to the completion of the Conway Bridge, he 
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relied with confidence on the strength of the tnl)e itself, and 
uttached a ])r()per degree of importance to the rcsuita of my 
earher experiments. 
Mr. Stephenson writes firom Londonderry, as follows : — 

My dear Sir, Londonderry, Feb. 23rd, 1846. 

It was my intention on my return to London to have calkd and spent 
a day with you io Manchester, bat this is now uncertain. I therefore 
venture to trouble you with a brief note, to say that I hope Mr. H., in 
devising his future experiments, will keqi in view the impixtanoe of in- 
troducing some tubes with corrugated tops, tixt it is clear that we mart 
look to this description <tf tube for practical purpc^es. After what passed 
at our hst interview at Manchester^ I hope Mr. H. will see little diffi- 
culty io bringing sach hroA within the scope of his fonnnla, Now one 
w(wd ahoat time, which will veiy shortly press me into a comer* I 
have engaged to have the plan and specification of the masonry ready in 
a fortnight, and although nothing specifie need be determined in that 
time, as I can meet this by stipulations, yet, in a month the masonry 
must be actually commenced, and previous to that, it is exceedingly de- 
sirable that something decided should be afficertained as to the dinicnsiuna 
of the tubes, if you could accelerate Air. li's proceedings, so us to 
effect this, I should feel much obliged. 

Reflection upon the arranurenicuts of the tube and chains, has, in my 
mind, cleared up several little difficulties, and I now feel qutt( comfort- 
able about the whule affair. "Wr must begin to think of arranguig a 
complete boiicr-yard at the Straits. We shall require, I think, four of 
your patent riveting machines. Will this be sufficient for riveting 2000 
tons of plates in twelve or eighteen months? On my reaching London I 
will write again, when I hope to be able to arrange to meet you in Man- 
chester. 

Yours sincerely, 

fFiUUm EurMm, Etq* Robbbt STJirBBNBON. 

Ik-re it is obvious, that there is a desire, on the part of 
Mr. Stephenson, to relax in his former determination respecting ^ 
the application of chains ; but as the point was far from being 
definitely settled, my next letter treats of the best method of 

aticitliiiig them. 

js2 
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My deab Sir, Manebeater, February 38tli, 1846. 

Under the impression tliat you were in London, 1 wrote you a some- 
what haa^ letter from Belfast on Monday last, which however was posted 
in Glasgow on the following day. In that communication I gave you 
freely, but roughly, my impressions regarding the tue and application of 
the chains to the proposed bridge. I would now correct that part of my 
k^sr which applies to the attachment at the diaina to the lower side of 
the tobe, when I stated that they shonld not be in connexion with the 
tabes at a greater distance than 20 or 25 feet from each side of the cen- 
tres. Now, on more mature reflection, I thmk we might with ssfety 
adopt your pUa of attaching the links on both sides for at least 60 feet 
esch way, and fix or screw the diains rigidly to the sides and bottom for 
this distance. Beyond this I would have no verticsl connexion in the way 
of support, but depend entirely upon the tension whieh the chains would 
uniformly reeeire by the suspended weights always acting upon them. 

Again, I should have uieutiuued that the sector, or fuk-rum, over wliich 
the tension -\veip:;hts revolved, should be fixed to the tube or its frame, in 
Ol der not only to assist in supporting the middle of the bridge, but to 
bring the top part as much as possible into a state oi tension, on the 
same principle as the tail-piece to your caat>iron bridge which operates 
more or less in that direction. 

All these are important points and require matiu-e consideration, and 
I should be most happy to see you either here or elsewhere, in order that 
we might lay our heads together and determine what is best to be done. 
As soon as these matters are satisfaetorily decided, the whole of the ma- 
sonry may be proceeded with, and so &r as I can see at present^ I am 
persuaded that the tubular or corrugated top with a wdl-proportioned 
bottom must be the shape of the bridge. 

I have not seen Mr. Hodgkbson sinee my return, but I hope to see 
him tomorrow, and to determine what furthor expeximents can be made. 
What is chiefly wanted is an accurate formula for the reduction of the 
eiqperiments abeady mad^ and probahly a few more, to see if Mr. Hodg- 
kmson csn throw any further light upon the subject as to form and dis- 
tribntioii of the material. Af^ these are aeocmipUshed I will make the 
model-tube, as already proposed ; and I have no doubt, but a carcfiilly 
conducted experiment of this kind (upon a much larger scale) will ex- 
hibit sonic further dt vclojMut nts, as respects the puckering pnucipie, 
ivbich at present appears to he the only dittieulty. 



REMARKS. 



53 



I hsre laid notlung on the sabject of constmctioii, bat presoiniiig it 
is your viah that I ahould take cliaige of the wbole of the iron^work^ 
and relieve yon aa nrach as possible of the detail^ I should be glad to lums 

your advice, and to act under it to the utmost of niy power. In a work 
of this kind I should have to devote a considerable poi lum ol" my time to 
the undertaking, and having: to abstrac t tl;ut tiiiit: Iruui other uvfications, 
I could not do m but upon a salary, such as you would recommeud as a 
fair remuneration, or a pcr-ccntage uj)on the weight or cost of the iron- 
work. These arc however matters on w hieh 1 should he giiided by your 
advice. In the meantime, I am prepared, whenever you are at leisure, 
to go into the subject of the Wixk-sheds, in order to be prepared and 
ready for actioii when yoa give orders to that effect. 

I am, my dear Sir, fiuthfoUy yours^ 
Bobert St^Aenton, Stq, Wiluam Fairbaien. 

Fears were entertained by Mr. Ilodgkinson and others, that 
the sides of the tube would ooUapse for want of stiflhess. In 
my letter of Eebruary SSrd, 1846, 1 proposed to meet the diffi- 
culty, by connecting the sides of the tube by a horiaoiital sheet- 
iron tie-plate or framing, at a height of about 15 feet a])ove. the 
rails. Kepresentations of the danger and insecurity, arising from 
this imaginary point of weakness, were urged to such an extent, 
that had they been acted upon, Ihey would have occasioned 
serious peenniary loss to the Chester and Holyhead Railway 
Company, and might have delayed, for scmic time, the intro- 
duction of a form of bridge, which has akeady proved itself of 
peculiar value, in enabling the railway engineer to cany his tine 
over streams and ravines, which at one time appeared impass- 
able. 

The time had now arrived when it became absolutely ne- 
cessary that we should proceed with the construction of the 
tubes. Six months had nearly elapsed, waiting for the results of 
Mr. Hodgkinson's investigations ; but it appears that his labours 
were advancing, under circumstances unsatisfactory to himself, 
and wbarrassing to others. Mr. Stephenson was urgent, and 
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the Directors were impatieiit in conBequence of the delay : under 

these circurustances, the model tube, which had stood over so 
long, had evciitiiiilly to be made, and the experiments (which 
have resulted in the existing construction) proceeded with, in- 
dependently of any aid from Mr. Hodgkinson. 

In this stage of the proceedings, connected with the under- 
taking, it wonld be improper to withhold the following letter, 
iiddi Lsscd to Mr. Stephenson. It appears fruiu this letter, that 
Mr. Hodgkinson felt himself aggrieved in not being "called 
in at the conuneiirement, but after the apparatus was formed 
and about one-third of the experiments made ; and then not 
to direct, but to advise and compute." Without giving up 
my proper claim 'to the important facts, which my experiments 
had established, — important not only in relation to the con- 
struction of the Meuai Bridge, but valuable as matters of 
scientific research, — made concessions, without number^ to 
gain Mr. Hodgkinson's cooperation, but without effect, and 
there being then no other resource, I at length resisted his de- 
mands, and proceeded with the experiiucuts iu my own way. 
The assertion, that " many of these experiments were made from 
[his] own suggestions,'* is not the fact ; no do\ibt Mr. Hodg- 
kinson persuaded himself into the beUef that he had done so*. 
The truth is, from the very first he cautiously withheld his 
views, and that for reasons given in his own letter : he observes, 
" Should it be asked, why I did not make these objections at 
an earlier date ; I would state, that, although consulted, I was 
not called in," &c, 

Hhk letter, although written in a hostile spirit, doubtless 
contains the key to a number of valuable experiments, subse- 

* This statementt on the put of Mr. Hodgkinton, refers to suggestions, 
which he impair to hsro nuute, when he wm «t Millwall on the 18th of 
Septemher 1845, witnessing the experinients then in progress on tubes having 
cells on the top. See the letter to Mr. Stephenson, dated September SOtti, 
1 845, and those from Mr. Roes and Mr. Graham in the Appendix. 
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quently conducted 1)y JMr. Ilodgkinsoii, the results of which 
were given to Mr. Stepliciisoii, but \vi re never communicated to 
me. In fact, they had no further connection with the construe- 
tion of the existmg bridges, than the influence they may have 
had on Mr. Stephenson's mind, before he approved of the plans 
and suggestions which I had made. 

In recording these facts, there is no intention to dc pi eciatc 
the value of Mr. I^odgkinson's researches ; they are, I iiavc no 
doubt, highly valuable, as every experiment must be, which 
emanates fiom so able a mathematician. 

It must be evident, however, that none of Mr. Hodgkinson's 
experiments (excepting only those recorded in \ hv Kt port*) could 
have had any effect upon the construction of tiie tubes for cross- 
ing the Conway and Menai Straits. The form and proportions of 
these tubes were partly determined from the experiments made 
at MiDwall before Mr. Hodgkinson was called in, and finally 
from those made on the Model Tube (without Mr. Hodgkinson's 
ap])robation), wliich decided the question without reference to 
the experiments of any other person whatever. 

14 Crescent, Salford, Manchester, 
• My dear Sie, ' March 10th, 1846. 

As I have had no direct correspondence with you, except when you 
were at Manchester, I should perhaps have acquiesced in my friend 
Mr. Fairbairn continuin<^ to be the medium of communication^ had I 
conceived that he could in all cases have been so with propriety. 

The application to me to take a part in derising experiments with re* 
spect to the hridge having eome from him, with your sanction, I thom^t 
that he was the proper person to ooneapond with you. * 

Mr. Fdrbaiin has however now completed, with my snggestions, a 
considerable number of experiments, and on the eridenoefrom these, and 
a few made by myself, you have made a rqport to the Directors <tf the 
Chester and Holyhead Railway. 

You coucluUc in your report, that the form of the tube, and the dis- 

* See the RqNNta to the I^recton of the Chester and Holyhead Railway, 
p. 42. 



. -d by Google 



56 



MU. HOUGKIN son's LBTTBE 



tribution of the mateml, have been finally determined, and that the only 

important question now rcinaiiiiiig to be solved, is the absolute ultimate 
strength of tin- tube of any given dimensiuus, this being appruxiuiately 
solved by the experiments already completed. 

Finding that you liad already drawn these conclusions, I felt some 
alarm leat they should not be borne out by the facts when fully ex- 
plained. 

1 will now state what appears to me to be wanted, and give the reason 
for my doobta. 

The experiments made by Mr. Fairbaum on circular^ elliptical and 
rectai^;ulBr tabes, give oooaiderable infomiation. Tliose on the rectan- 
gohr section are numerouB, and I hope good ; but do not, I think, show, 
«cept approximately, the proper distrilmtkm of the metal, as to the 
strength of the top, bottom and aides fiwr the bridge. 

As many of these etperimenta were made tcom my own snggestiona, 
following out the reasonings employed in my experiments to ascertain 
the best form of iron beams (Memoirs of the literary and Fhilosoplucal 
Soeie^ of Manchester, vol. v.), I am the more entiUed to make these 
objectionB. 

The resnlts of the experiments hitherto made, do not perhaps show 
indisputably that the rectangular form is the best, though I believe it to 

be so from other considerations. 

The proper strength of the metal in the sides is an important clement 

for giving adequate atiffuess to the tube. If this be not attended to, the 
tiib{> will give way by bending laterally, a tendency very commonly ob- 
served in e\j)eriment8 on wrought iron. 

The apparatus used for the experiments was very ingeniously eon- 
structed^ and well-adapted to avoid shaking in londiiiir and unloading 
the tube ; but the tensile force being, from the nature oi tlic a])paratus, 
always exerted in one vertical line, the tendency of the weight was to 
draw the tube in that direction only, and to prevent it getting out of the 
vertical line, which is so frequent a cause of failure in wrought iron 
girders, that it is almost impossible to keep them in shape when heavily 
loaded. 

It is probable that some of the tubes tried by Mr. Pabbaim would 
have been broken with less weights than they did bear, if they could have 
yielded in the weakest direction. 

In the future experiments it will be desirable to apply the pressure so 
as to allow the tube to yield in the direction of greatest weakness. 
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Li the oonsinictioD of a tube to bear the greatest weigbt for the 
qoaittity of material, the thidraen of tiie aides being found snfficieiit to 
preserve its form, and the top and bottom being of suiBcient strength for 
the purpose required^ and adapted to each other so that both should be 
ready to give way at tiie same time, the top being considfirad as a solid 
mass ; this top should then be replaced with circular tubes of wrought 
iron of ecpial strength with it to resist cruslnug. 

To ena])lc tliis to be done, I would suggest the propriety of makuig a 
few experimeuts upon the power of wrought iron to resist a crusluug 
force J it would effect the substitution above, and supply important in- 
formation iu addition to that in my memoir (Philosophical Transactionsj 
1840). 

The tube must not be uniform, but varying in thickness and strength, 
^m the ends towards the middle in the proper proportion. 

To extend further the experiments on the strength of similar tubes, of 
which an abstract is given in my report, I would beg to suggest that 
three other tubes, half as large again aa the laigest there employed, be 
constructed; say 46 feet between the supports, 8 feet deep and 2 feet 
wide nearly, the ihiekneases varying aa before. 

To make theae and other eiperiments, whicK I oonceivB will be neees- 
aaiy, a suitable apparatus for breaking large beams, aa a large cast-iron 
lever to bear 150 tons, would have to be constructed with as little eqMose 
as possible, to give adequate security; the experiments to be made so 
as to allow the tube to yield in the direction of greatest weakneas. 

The tubes tried in London required only about ten or eleven tons each 
at the utmost to break them, and more than half were broken with under 
five tons. They fiu-uish valuable introductory iuformution, but are much 
too small for the j)urpose as ultimate experiments. They would retjuirc 
to be repeated on a large scale, oln iatiug the objections pointed out al)ove, 
before they could \vith propriety be applied to the bridge. Should it be 
asked, why I did not make these objections at an earlier date, I would 
state that, although consulted, 1 was not called iu at the commencement, 
but after the apparatus was formed and about one-third of the esperiments 
made, and then not to direct, but to advise and compute. 

A consideration of the importance of this ipquiry, and of the serious 
consequences of a failure, has impelled me to make this candid statement. 

I am, my dear Sir, yours very truly, 
Robert Stephemont Esq. Eaton IIodukinsox. 
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Mr. Stephenson at once acceded to Mr. Hodgkinson's request, 

viz. that he might have his own way in conducting his experi- 
ments. Prom this time to the completion of the first Coiuvay 
tube, there was no commimication of the slightest importance 
made to me relative to Mr. Uodgkinson s proceedings. 

Mt dbab 8ib» Loxulon, Mardi 14th, 1046. 

I am ashanu'd at the apparent neelfct uliich my silenrr must have 
given rise to, but yon are tolerably well aware of my avoc{itn»ns, and ^'. ill 
no doubt put a liberal construction upon it. Mr. Hodgkin»on i.s grettmg 
nervous, and has forwarded me some strictures upon what lias already 
been done. 1 have this day written to him, giving him an unqualihed 
aMMnt to his undertaking any reasonable series of ei^ieriiiieiits that he 
may deem advisable for clearing his mind. 

My own mind is made up, but I would by no means limit the inquiiy; 
on the contrary, I am most anxioaa that Mr. Hodgkinson, as he has 
beoome connected with the matter^ should proceed in any way that may 
render the sabject of the transverse strength of tubes dear^ and as mi- 
equivoeal as his investigation of beams* He appears to wish to have them 
under his own control I am sure you have no objections to this: I 
have none whatever. On this part of the subject^ as well as those you 
start in your two last letters, I must see you personally. With regard 
to your remuneration, rely upon it, it is my wish to make this perli»;tly 
satis&ctory to you. It has been named to the Board, and any ammge- 
nient you and I may mske will be no doubt sanctioned. I am engaged 
considering all your sujrgestions, and when some sketches are completed 
which arc now lu luiud, I shall make a |)oiut of seeing you. If possible, 
I shall endeavour to spend a day with you in Manchester next week. 

• Yours sincerely, 

WiUiam Fairbaim, Esq,, Manekater. Bobba'^ tSrEFUENsoN. 

The wliole of the following letters up to .March 21st, prin- 
cipally refer to the unfortunate misunderstanding which took 
place with Mr. Hodgkinson. This portion of the correspond- 
ence must, therefore, be understood as having transpired under 

cu'cuinstauccs of considerable excitement. 
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My DBAm Si», Manoherter. Mardi 14tfa, 1846. 

Mr. Kodgkinson has shown to inc a letter addressed to you, on the 
subject of the cx])criment8 which 1 had the honour of making, relative to 
the proposed bridge over the Menai Straits. It is true that Mr. Hodg- 
kinson has obtained a decidedly high standing in the mathematical and 
scientific world, but he does not stand pro-eminent in every department ; 
and so far aa regards the experiments made in London^ they were done 
independently of Mr. Hodghdnson, and (in the absence of aU previous 
knowledge) to the best of my ability. I am therefore folly prepared to 
abide by the results. 

In conducting these experiments^ I had yoor confidence and support^ 
and having satisfied myself as to the strongest sectional form of tube (or 
a close approximation to it), I deemed it necessary, not only to pursue 
the investigation (which daily increases in interest) to the fullest extent, 
but still further to elucidate the subject in a scientific point of view. I 
obtaiurd your consent to call in the assistance uf .Mr, ili.Hli:kin8<)iij thau 
whom, I am sure, there is none more capable of giving sound and useful 
advice. Knowing Mr. Ilodgknisoii's icehngs oii these matters, I used 
every tuileavour to make the subject agreeable to him, and we have 
already gone so far as to give him a prominent position in what lias been 
done ; I find, however, that he is not satisfied, and rather than injure a 
question of such importance in a petty contest about priority, 1 would 
prefer withdrawing from the investigation altogether. Mr. Hodgkinson 
is willing from kindly feelings to render any assistance, but he seems 
desirous and fully determined to have it all his own way, and in his own 
name. Under these circumstances I shall wait your further instructions, 
and remain, my dear Sir, 

Yours fidthfully, 

Bobert Stfphenton, JEsq, William Faiebaikn. 

P.S. I may mention that Mr. Hodgkinson looks upon the present in- 
vestigation as an abstract scientific inquiry, having, as & matter of course, 

reference to the l)ridge. Such an investigation, however, may spread 
far, and 1 am nut sure (w iLhuut your consent) how far i am justitied iu 
putting the Company to such a large expenditure of time and expense. 
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Mt dbae Btm, [No date, about tlie 16th of Uudk 1846.] 
I have written to Mr. Hodgldnson, and hope be will eontinne bia ex- 
periments. I shaU deeply regret their being disc^ntinaed after sucb an 

expenditure as has now been iucuiTcd ; and in addition to this, I fully 
aiitirijiate that he will extract from them much that is both interesting 
in a scientific point of vn-w, and vahiable to us as we progress vs itli the 
Britannia bridire. I really deplore the jealousy that tliis invest itrat ma 
has given nst: to. On tlie former uecasiou, when 8ymj)toins of this kind 
presented themselves, I hoped that the arrangement which was made 
wocdd have worked satisfactorily. The conducting of a few practical 
eiqperuneota by you and me, surely ought not to excite such feelings in 
Mr. Hodgkinson's mind, as now aeema to be the case. I have told 
Mr. Ilodgkinson that the Directors consider me as their engineer, re- 
sponsible for the works of the railway being ready for the public by the 
time specified in thdr reports to the ahareholdersj and I have no choiee; 
some risk must be incurred, or the pecuniary loss to the Company must 
be very serious. 

I endose yon a copy of my note to Mr. Hodgkinson. 

Yours sincerely, 

yVilliain Fairhnim, Esq., Engmeer, Eou£et S'r£rui::Nt>oN. 

Manchester, 

My dear Sir, London, March 17th, 1846. 

I do not know that you liavc seen a pamphlet containing our joint, or 
rather separate reports, but i send you one, being tbe tirst 1 have seen. 
Surely this shape gives us all our proper share of merit. I wrote to 
Mr. Hodgkinson yesterday, uud explained to him the absolute necp«?sity 
there was for despatch in this matter, saying at the same time that if he 
felt any indisposition to pursue tbe matter further, 1 should be glad to know 
it at once, in order that other arrangementa might forth^iith be made. 

The plans and specification for the masonry are laid before the con- 
tractors today ; tbe letting will take place next Wednesday. This will, 
I trust, be sufficient to satisfy Mr. Hodgkinson that despatch is necessaiy, 
and I trust that your other aYocationa will permit you to accelerate the 
construction of tubes snch as may meet Mr. Hodgldnson's views. 

If he be reluctant to enter upon the investigation, it is of importance 
that I should know it at once. 

Yours faithfully, 

WiUiam Fairbaim, Esq. Robert Stevhenson. 
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P.S. ABow toe, in dodag my letter, to say hownmch pleaaedl was with 
yoOT liberal treatment of the iUUe difference which has taken place be- 
tween na and Mr. Hodgldnwn. Neither of ne» I am um, want to depii?e 
him of the merit of any abstract mathematieal investigatiMi which the 
^qieriments may lead us to ; but, on the other hand, he cannot suppose 
tliat such an investigation is the all-important consideration which the 
question involves. R. S. 

Mv DEAR Sir, Manchester, March 18th, 1846. 

I am truly sorry that anymiannderstanding should have taken place on 
a subject of such importance as that now under consideration. I am far 
from assuming to myself an undue importance in an investigation for 
which yon were so well-quaUfied. I must, however, claim for myself 
acme knowledge npon the subject, at least practically; and finding my- 
self nndcr considerable responsibility as to the nlttmate succeaa of the 
nndertaking, I cannot in justice aorrender the position to which I con- 
ndermyself justly entitled. I can aasoie yon I am far firom wishing to 
detract, even the amalleat fraction, from yoor deservedly well-eamed re- 
putation. It is my interest and my earnest wish to add to its renown ; 
and whatever may be the issue of the present misanderstanding, you will 
always find in me your steadfast friend. 

In order to satisfy all parties, and prevent future uneasiness, it is pro- 
posed by Steplicnson, and agreed to by myself, that you shall uiakc 
whatover experiments you deem necessary (and I wUl ^ive every faeility 
for the purpose), on comlition that whatever is done by you, well aa 
myself, shall merge in a joint report, to which the names of all the three 
shall be attached. If you aj^iee to tlus, 1 have instnictions to proeeed 
with the least possible delay, in order to enable tlie works to be proceeded 
with, and that upon principles satisfactory to all parties. 

T am leaving for London again this afternoon, and will be glad if yon 
will fiivour me with a note per post, addressed Fenton's Hotel, St. James's 
Street, Westminster, where I shall be till Friday. Hoping these arrange- 
ments may be satisfactory, 

I am, my dear t>ir, always affectionately youi-8, 
Eaion HodgJsvmti, Etq, William Fairbaibn. 
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Mt dbar Sik, SiJfenl, Mareh 21tt. 1946. 

I send you a copy of Mr. Stephenson's letter, according to which I 
have engaged to act ; for his renewed offer of last Wednesday was agree- 
able to it, and more explicit. 

{Ceptf.) 

*' 24 Oveat George Street, Wettmintter, 
«*Mt dbar Sib, Match 14th. 1846. 

"I feel much obliged by your candid expusitiuii of your views in 
reference to the bridjrc experiments, and should L;i\e rej)licd to your 
kind uutc earlier, had not urgent engairements prevented me. 

" I have now to ask the favour of your proceeding with such a &enei» of 
experiments as you may think advisal)le, to clear up any doubts you may 
have. 1 wish the thing to be thoroughly sifted by a scieutilic man like 
yourself, although my own practical conclusioni, from a careful atudy of 
iron ahip-buildiog, leave my mind free from apprehension. In a matter 
, however of such importance, this is scarcely sufficient. I trust, therefore, 
you will canBider the scientific and experimental investigation under your 
own control, as I am far from wishing you to act as second either to 
Mr. Fairbaim or myselfin this department of the inquiry: I shallbeglad 
to hear that the arrangement is sstisfactofy. In the course of next wedc I 
hopetoheabletoapendaday with yon and Bir. Fairbaim in Maneheeter. 

** I am, my dear Sir, yours faithfully, 

" KOBEAT StBFHENSON." 

Yon must look at my experimental efforts not as in opposition to your 
own, but as a friendly inquiry to corroborate and extend them so far as 
they may run parallel to each other, and to bring the matter more within 
die reach of the mathematician. In this inquiry Mr. Stephenson and 
yourself will be associated with me, though the authorship and the diree- 
tion of ^e experiments will be my own. They will be published in my 
name, as your own experiments will be in yours. The question to be 
solved by experiment is a large one, and you have taken one department, 
I shall take another; but when I have done niy best, the subje* L is of 
such majsrnitude, that we shall be so lai liom having exhau?<tcd it, that 
Mr. Stephenson would be jtistified in eailing in some other persons, if he 
can obtain them, to pursue it further. 

I am, my dear Sir, yours affectionately, 

William Fairbaim, Esq. E.4ton' Hodorinsox. 



« 
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At the close of tbis oorrespondence Mr. Hodgkinson was left 

to pursue his exi)eriments in liis own name, and in the fonn 
most agrt'L'iiljlf to himself. Some valuable fncts were obtained 
by liim relative to the powers of wrought iron to resist com- 
preraion ; but these resnltB, being limited in their application, 
formed no part of the calculations referred to in the following 
letters. Besides, a number of Mr. Hodgkinson's most important 
experiments were not then made, and after they were eoinpleted, 
the residts were either sent to London or were retained by 
him for his own immediate use. Having failed in obtaining 
Mr. Hodgkinson's assistance, I proceeded, in the following letter, 
to determine, from my own experiments, the relative proportions 
of the sectional areas of the top and bottom sides of the large 
tubes. The calculations are based upon experiments 15, 10, 
and 29, which gave the best results. This last-mentioned 
experiment was made upon the tube which contained the 
longitudinal cells, and which was described in my letter to 
Mr. Stephenson (page 19). 

Mt bkab Sib, MandiMter, April 8id. 1846. 

You would receive a copy of the experiments, as taken from my note- 
book ; they are in a rough state, but may for the present be useful, or 
till such time as they are reduced and brought into a more tangible 
form. 

As some months may ela])>*e before anything definite is obianied from 
^Ir. llodf^kinson, I have deemed it advisable to deduce from my own 
experiments, results which 1 trust will be satisfaetory, at least so far as 
respects the section of greatest strength, and the proper distribution of < 
the material in the different parts of the bridge. It has already been 
determined by experiment, that the strongest section yet obtained is 
tfast of the feetangukrform; it has also been ascertained that the upper 
and lower sides of the tube bear certam rektive proportions to each 
other, and that in soeb ratio as will correctly balanee the resisting forces 
of compression on one side, and of ext«inon on the other. On this 
part of the subject, it is a consideration of much importance to hare (in 
a structure snch as the Menai Bridge) neither more nor less material 
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than is abiolately neoeaaaiy to leUun the parte in eq[ai]ihrium by adding 
to ito atrength; and that under every circnmatanoe, and every deBcrip> 
tion of strain to which it may he aubjected. This appears to me to be 
the ulttmatitni of every experiment ; and although we may not, in the 
present stage of the inquiry, have attained the same exactitude which 
future txpcriiiients niay develope, we have nevertheless acquired certain 
fixed laws which (h tcniiinc the form and ck^arly establish the proportions 
of thp relative strenjrth or distribution of the material in the (htFerent 
jiarts ot the structure. These may be determined from the expcnmpnts 
as follows. 

On consulting Experiments 15, IG, and 29, on the rcctanprular tiil)e8, 
it will be found that they approximate to each other in a certain ratio, 
aa to the thickness of their top and bottom sides. The first, it will be 
observed, broke by tearing asunder through the rivet-holes ; the second 
was crippled by " buckling" on the top ; and the last was fractured by 
the sides tearing from the top and bottom at one and the same time. 
Now, if we take the mean thickness of the plates used in these esperi- 
ments, I apprehend we shall have a &tr proportional of the quantity of 
metal which should be used respectively in the top and bottom sides 
of the huge tube, in order to obtain the section oi greatest strength* The 
mean of the top and bottom sides of the tubes experimented upon was, — 

Area of top side Area of bottom side 



Experiments* in inches. in inches. 
15. 0142 0075 
IG. 0-2C9 0149 
29. 0-230 0 180 



Mean * . 0-218 0*135 

bein^ iti the ratio of 213 to 135, or as 10 to 6 nearly*. From this it 
appears tliat the toj) and bottom sides of t^u^ bridge should approaeh m 
the arcaa of their respective sections, as nearly as possible, to the above 

* The same result may be obtained in the following manner : — 



Bzperiment 15» ratio of the top and bottom areas 1 893 : 1 

16, „ „ „ „ 1 SO.) : 1 
It »» »* >» 

1-278 : 1 

Mean ratio 1*659 : 1 

or 10 : 6 
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Fig. 20. 



prqmrtnmB; and althongli the eomrugated or tubnlar top may give 
greater atiengtli, it would howerer be prade&t^ in the distribution of tbe 
aiaterial, to give the top aide its full share, as weakneia was abnost in* 
variably presmt in that partj and the strength of the bottom on the 
large scale might be increased, when the riyeting is more perfectly 
execnted. These proportioas are ixrespeetiTe of tiie vertical sides, which 
in my opinion should be as light as possible, or at least so far as a suffi- 
ciently rigid conncviuii can be established between the two retaimng 
sides of tension and compression. 

Takinjx the propoiuons given above, and asstiming the tu])c in its full 
sue to be 40() ieet span, 20 feet deep, and 15 feet wide, we should tlien 
have, in adopting the following section for the area in inches on the top 
side six horizontal tubes, each 3 feet in diameter 
and |-inch thick plates, 

squsre inches. 
GxT.30x^ s609 

Top covering plate 15 feet broad 

and ^ inch thjck, 180 x ^ . = 90 

• Under tube connecting plate, 15 

feet X inch thick . . . = 56 

Equal to . 655 

of area for the side resisting compression. 

Taking the tubular toj) at 055 scpiare inches — ^ ^ — -T-k 

the bottom would then require to be as under. 1 _J 

Two tubcK each 3 feet in diameter and |-inch thick plates, same as 
those above = 169*5 square inches. 

Bottom (double) plates 15 feet wide, and 1 inch 

thick =1800 „ 

Two longitudinal ribs supporting rails and plat- 
form, 2 feet deep and ^ihn of an inch thick . 

Top phtlbrm or roadway, 15 feet wide, and 
eomposedof plates i^ths of an inch thick . 

Total area in inches . . 




860 



s 56 0 



441-5 



The proportional areas of the top and bottom sides of the tnbe would, 
therefore^ be (in the middle) as the numbers 655 and 441*5 respectively, 
or SB 100 to 67 nearly. 

For the present I must abandon the inquiry, hut I will recur again to it 

P 
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in the conne of a day or two, when I will endeavour farther to elnddate 
the sabjeet, by feferenoe to Mr. UodgSdnaon's inquiries into ihe streni^th 
of MBt-iron beams, which bear directly upon tint part of the question, 
and refer also to the distribution <tf the material in other parts of the tube. 

My present object is to deduce from the experiments the strongest 
form of section m ike mid£e 0/ tke beam, which, ouoe attained^ the other 
must follow as a matter of course. 

I am, my dear Sir, sincerely yours, 
Robert Stephenton, Eeq, William Fairbazbk. 

Time had nov become of great importance, and finding it 
impossible to remain any longer inactive, it was decided to 

proceed witli such fonnulaj and calculations as coidd be deduced 
from the experiments already made. In my next letter, 1 en- 
deavour to complete the calculations and practical condnslons 
commenced in my last communication. 

My dear Sir, Manchester, April 6, 1846. 

In my letter of the 8rd you had the characteristics deduced from ex- 
peiiment, as to the properties and shape^ of the materisl forming the 
upper and lower sides of the tube. From that ststonent, it is obvious, 
that in order to obtain the section of greatest strength, i^ths more 
material was requisite on the top, to prevent crimping," than what was 
wanted on the bottom side, to resist tension. In these computations, 
you will please to obaerre, that the proportions between the resisting 
forces had reference to every point in the beam ; but the thickness of the 
plates applied exclusively to the middle part, which is subject to the 
greatest strain. In these calculations, it mnst be borne in mind, tlmt 
the plates, or rather the sections ot drHiblc plates, must be considerably 
more at the centre than any other part ol the tube • frot?! that pouit they 
will diminish in certain detinite proportions, as tiiey approach the piers 
on each side, following the same law (as nearly as possible) as laid 
down in Mr. Hodgkinson's treatise on cast-iron beams. In effecting 
this diminution, it will be necessary to do so with caution, and here we 
should have to deviate from theory so far as to retain rigidi^ and pre* 
vent crimping, which is the ehief and almost only dilBcuIly we have had 
to contend with. 
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Judging ftom the oqieniaeiitay I aluNild be indined to reeommeod, u 
proportbnals of tbe diffisreat aectums, the Mowing, ealedated from the 
middle of the tube eech my in the direetion of tbe piers. 

Anuming the span to be 400 feet, and taldng tbe muldle sections of 
Ae top, bottom, and sides as their respective numbers 655, 441 and 150, 
the other sections, five in number on eacb aide, would be as follows 

Aieaoftop. Area of bottom. Areaof sides. 
Sq. inches. 8q. inches. Sq. indies. 



Section in the middle . . . 


666 


441 


150 


Section 40 feet on eadi side 


614 


418 


160 


Section 80 feet on eadi aide 


678 


885 


150 


Section 120 feet on each side 


682 


867 


160 


Section 160 feet on each side 


491 


829 


180 


Section 200 leet^iery . . 


491 


829 


240 



In tbeae calcnlationa I have taken the tube at 26 feet in height, and 
the vertical aidea each 20 feet deep andi%ihsof an inch thick. The aides 
vonldy however, be thickened considerably as tbey get near the piers, 
where I shooM recommend ^-inch plates, in order to retain the form, and 
give stiflfoess, at tbe point of attachment, to the cast-iron frame imbedded 
on tbe piers. Having endeavoured, as far as tbe experiments extend, to 
reduce tlicm tu sume definite fomi, subjLci to such conditions as may be 
necessar}', as our knowlodire of tlic subject becomes more extended, I 
would now direct attention to the strengths, wbicb in these proportions 
I have endeavoured to e^tabUsli, and which I am ]iersuaded is not over- 
rated, but much under what thf" tnbr is capabL .if !)eariug. I am sorry 

1 have not the benetit of Mr. ilodgkinson's formula; but conceiving 
that a hollow beam follows the same law as a solid one, when subjected 
to a transverse strain, I have attempted to seek for tbe formula in a very 
simple way, and which, I am convinced, is not far from the truth. 

If you will refer to my last experiment (29) with the ooinigated top, 
yon will find that it aupported 10 tons, exdnsive of its own weight, be- 
fore yidchng to the strain. Now, aooording to Mr* Hodg^dnson's rule, 
it should^ in s span of 19 feety if made of cast-iron with a flange of 

2 inches area on the bottom aide, have given way with 8^ tons. We, 
however, in thia eiperiment, carry 10 tons before the buckling and tear- 
ing oommenees. Conseqfoently we have an increase of strength in tibe 
difference of material alone of 10 to 8'5. Let us now aasume, that the 

V •> 
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Fig. SI. large tube is a fair proportional of experiment 29^ and we 

then hAYe^-^ 

For the area of the bottom aide 441*5 indiea. 

For the depth of tube 812 indies. 

Distance between the supports 400 feet. 

26. x 44.1 -5 X 3 12x2-85 
4800 



Hence 



:2126 tons = the breaking 



weight of the tube*. Or, in case wo take the ratio at 2 0 
instead of 2-85, the breaking weight will tlien be 1492 tons. 

Irrespective of the strength, and other projxirtions of the 
tube, I have computed the bottom plates, on the lower side, 
at 1 ineh thick at the middle. 

I do not however look upon them as plates of that thickness, 
but composed of two plates, each half an inch thick, with the 
transverse joints resting upon the solid plate on the one hand, 
and suspended firom it on the other, as the ease may be. This 
will gire great muformity of strength, when treble riveted, 
with a covering plate of the same thickness, well attached 
with tail-rivets to prevent curling at the ends, and perforating 
with as few holea as possible the solid plates, the same as per 
sketch at A a fig. 21. 



* Assuming the formula 
adC 



(1.) 



to apply to the tubular beam, we have 



^-13' 



(2.). 



where W = the breaking weight, / = the distance between the 
supports, a - the area of tlic bottom side, d ~ the whole depth 
of the beam, and C is a cunstaut fur all beams of the same form 
and material. 

Taking the data afforded by experiment 1 0, we have, neglect, 
ing the weight of the tube, 

therefore by equation (2.), 

^_ 19x12x22469 

2X15^X112X20" • 
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This mode of crossing the joints and riveting 
would add greatly to the strength, and tend to 
give, as nearly as possible, the same degree of 
strength throughout all the jiurts of the tensih; 
plates. On the top we shall have to attend 
more to the fitting, w)lere the jjlates abut 
against each other to resist the crushing. These 
matters can however be more fully discussed 
when we come further into practical detail. 

Will you take the trouble to look over this, 
and my former communications, which I send 
without revision? I shall be in London on 
Friday morning next, and ifill be glad to haw as 
much time with you as yon can spare. I will wait 
upon yon at ten, and remain in ihe interim. 

Yours faithfully, 

William Faibbaien. 
Robert Stepkemen, Etq, 

P.S. — lias it not occurred to you how it 
would suit to make the tube npon the equi- 
librium principle, taking the centre pier aa the 
fokrum, with equal lengths and equal weights 
oneaehside? TIiiib: the top in this case being 
made in the same proportion aa before* or aa 
10 to 6 (fig. 22). 

which is the value of the constaat. Hence for- 
mula (1.) becomes 



„, 74ad . 
W= —J— tons. 



(3.) 



where a is the number of square inches in die 
bottom side, anddand I must be eiqiresBed in the 
same Haear unit. 

Now if «=441'6, d=319, and /ss400 x 12, we 
have by formula (3.) 
74X441-5X812^3^33 
400x12 

which corresponds, ahnost exactly, with the above resutts. 
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From the above letter it will be seen, that the formula is 
deduced from the results, obtained frum tlie rectangular experi- 
mental tube with the corrugated top. It was the best and most 
satisfactory of the whole series, and gave a sectional area of the 
top and bottom si^es in the ratio of about 5 to 3. This tube, 
if taken as the criterion of strength for those on the large scale, 
wonlil ^i\c, aceording to the formiihi, a breaking weight of 2126 
tons iu the middle for the Conway tube, an important fact, 
which has since been verified by the tests of deflection, &c. ap- 
plied to that structure. 

Allusion is also made, in the letter, to the mode of riveting 
the lower parts of the bridge, that is, those parts which are sub- 
jected to a tensile strain, and an arrangement is pointed out, 
which, although it has not been entirely acted upon, yet gives 
the main security to structures of this kind. 

By means of careful experiments this -system was afiterwards 
brought to much greater perfection, and the plates were arraugi d 
so as to equahze the strength of the joints and thus to secure 
them ironi iiijmy. 

The sketch, introduced in the postscript, is an idea which has 
since been applied in the parabohc form of the tubes for the 
Britannia Bridge. It gives an appearance of lightness to the 
tubes, and saves a considerable amount of material which does 
not contribiilr to the strength of the bridge. Tlic next letter 
relates to a communication which Mr. Stephenson received from 
a gentleman who had taken great interest in the the<»y, as well 
as in the construction of the tubes. It also gives the proportions 
of the model tube, with its breaking weight, as calculated by 
the formula proposed in my last letter. 

M V DBAft Sn, Manchester, April 24th, 1846. 

I have read over the mclosed and retained a copy. 1 Im e not how- 
ever come to the same conchisions, in ever^^ case, as the writer, although 
many of his deductions arc pithy^ and much to the purpose. 
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The more I]|coui>ider the subject/ and the more 1 become acquamted 
with the principle of construction and the nature of the material we have 
to deal witli, the more strongly am I convinced of the absolute necessity 
of dppeniling upon it,'and it alone. It is true, that we cannot do without 
the chams in the erection of the bruise, but I repudiate their use after- 
wards, and I will cheerfuily stake my own reputation, and probably yours 
also, which is more Taloable^ upon the strength and security of the struc- 
ture. I however give way to your superior judgement^ and submit to 
the chains as auxiliaries, till such time ss inciesaed knowlcdgo and greater 
esperienee confiim the impiessioDS I entertain* 

By this post I liave sent instructions to my son^ at Millwall, desiring 
]um to eonstmet a model bridge in every reqiect proportionsl to one- 
lis^A of the bridge. It viD be 75 feet between the snpports, and of the 
felknring section^ and ibickness of plates, vis. the top to be composed of 
plates <hl4 inch thick, forming six rectangnlar tabes, eadi 6 inches 
square^ and ike bottom to be 0*166 ineh thick, treble riveted at the 
transverse joints^ and attached, as in sketchy to the sides, which are plates 
■^th of an inch thick. This will give ns an accurate experiment^ and 
will still lui ther develope (from the thinness of the plate) that property 

. Fig. 38. 




in the oonstrnction most to be gasrded sgainst, the puckering of the top 
side. 
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I have, however, guarded against this weakuesb by a deteuce of cellular 
cavities, [( presented in the sketch. 

Afcnrdiiig to the formula I have deduced from the former experiments, 
tins [ii!>e slioidd carry 22'3 tons l)cfore it yields to pressure. 

Taking: the tube at 3 feet wide and 01 GO mch thick, the top being 
in a ratio of 10 : 6 to the bottom, we have 

26 X 6-976 X 54 X 2-4 ^oq^ 
900 =2^»*oi«. 

Hie breakiiig weigjht dioiild therefore be 22 tons, which in the experi- 
ment we shall endeavour to prove. 

I am, my deai' Sir, always yours faithfully, 
JRobert Stephentm, Etq, William Faibbaibm. 

P.S. The above experiment will, as far as I can judge, complete every- 
thinii: that is necessary for our practical guidance. Mr. llodgkmsou's 
calculations will follow, as coulii matorv or otherwise, of what has been 
done. These experiments will (rstablisli the principle U| ' n .i souud and 
unerring; basis, and will, I have no doubt, develope many new facts in 
connexion with what appears to mc to be a perfectly new, and yet untried 
subject, viz. the efficiency and economy of malleable iron plates in the 
eonstamction of bridges. 

Notwithstanding the unbounded confidence whidi the expe- 

riim nts had implanted in my iiiiiul as to the ultimnte success 
of the undertaking, it was shared by very few, and tiiat only to 
a limited extent. Others, who were less sanguine, did not 
hesitate to condenin the whole proceeding as a wild, visionaiy 
project, which, according to their account, was unattainable 
either in theory or practice. ?rrhii[)s Mr. Stephenson was the 
only person, besides myself, wlio did not i-ntertain these views ; 
and although he had occasional misgivings, yet he nevertheless 
yielded to the conviction of every new foct, dicited by the ex- 
periments, and ultimately made up his mind to carry out the 
sdieme without reserve, and to the fullest extent. 

Serious delays had already occiuTcd, and the urgent demands 
of the Directors could no longer be neglected. It was therefore 
decided to proceed at once with the experiments on a model 
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tube, C(jiistriicti'(l on the scale which I had previously recom- 
mended, in the belief that sufficient data would thus be obtained 
to aoiable us to commence tlie oonstniotion of the Biitannia 
Bridge, which had all along been the sole aim of my researches. 
This important model tube was accordingly prepared; a full 
description of its form and coustruction will be found in the 
sequel. 

The breaking weight of this tube was computed from the for* 
mida already mentioned, and the area of the bottom being taken 
at 8*8 inches (the correct dimensions instead of 6*976, as given 

in the preceding statement), we have, by the new constant, as 
deduced from the ex|)eriments on the corrugated tube, 

W= '-^-^^ =39 07 tons' 

the breaking weight. Now the actual weight with which the 
tube broke was 85*5 tons, proving the accuracy of the formula, 

the comparatively trifling deficiency of 3 J tons Ix ing fully ac- 
cnimted for by the slight imperfection of coustruction observed 
in this tube. 

Subsequent experiments sufficiently justified the general form 
of these conclusions, while an improved series of results deter- 
mined the cfx*fKeient to range between 7 1 and 80. The latter 
number ls nuw used as the coctticient in the formula fur com- 
puting the strength of hollow girders and wrought iron tubes. 

In conformity with the statements abeady adduced, orders 
were immediately given for the construction of the model tube, 
of dimensions proportional to one-sixth the size of those to be 
employed in the Britannia Bridge. The following letter, dated 
April 24th, will show the principle upon which it was con- 
structed, with the form of the cells, joints and with other details 
relative to the experiments. 



* See formula (3.), p. CtO, where we luive 

0s8-8, d^5'l, and 1^75 x 12^900. 
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Manchester, April 24th, 1846. 

IliaveamiigedvitiliMr. StephouKm tonukeaaotlier reetangidnrtabe, 
enetly one-mxth the aiie and ahi^of the Inidge far eroaBing the Menai 
Stnits. I iriah to have it made at MillwiU, and the experunent to be 
eondticted in London. This is not to interfere with those now in progress 

by Mr. lIodi;kinson ; and it will complete niy report, which, 1 trust, if 
successful iiiid satisfactor\-, ^\ ill enable m to proceed with the bridge. You 
will obscnc that the t ij) will be composed of six cellular tubes, each 
6 inches square, and the bottom of two lines of plates, each 18 inches 
wide, and made, if possible, in three lengths on one sidej and four on 
the other thus : see fig. 24, page 76. 

I wiU, however, send you a correct drawing of this part with the mode 
of riveting^ which we nnut be very particular about (see fig. 28). 

The sides yoa may make as you think best, but they must be well 
hveted to the top and bottom^ and the plates being very thin, they had 
better he tuned on the edgea thus (fig. 24) : all Fig. S5. 

the square tubes at the top to be firmfyriTeted to ^ 
light an^^iran, as at a, a, a, &c. (see fig. 26). 

After the tube is finished I will give you in- * 
stroetiona about the weights being suspended, 
whidi I think will be best done from four sus- 
pension rods, and cross-bars resting upon the 
bottom, as at ft (fig. 26) j two holes to be cut 
through the sides of the tubes for this purpose. 

I think from this description you will be able 
to order the iron, ^vlllL[l 1 wish to be of a good 
quality, and well put together. It will also en- <^ 
able James Graham to m ike ])reparation8 for supporting the tube. We 
shall want no beams, but will complete the experiments with dead 
weights. 

Meanwhile^ I am, yours afiectionately, 
H^emat Fmrbmm, Eaq. William Faibbaien. 




P.S. The rectangulai tube for experiment will be, as nearly as possible, 
one-sixth the size of the proposed bridsrc across the Menai Straits. It 
will be 78 feet long, and 75 feet between the supports, as shown in tig. 27. 
The thickness of the plates for the bottom (3 feet wide) to be 1*66 inch 
thick, and to be composed of two lines of longitudinal plates, with the 
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joints crossed, as exhibited in figs. 2 i aad 28, and double riveted. The 
top to be composed ot double plates 014 inch thick, uud divided into 
six rectangular tubes, each 6 inches square, as shown at a, a, a, &c., 
fig. 26. The sides to be composed of j'yrth-iuch plates, attached to the 
top and bottom by light anglc-irfui : and three or four ol the side plates, 
at each end, should be made strong, and thick, where they rest on the 
supports. 

Fig. 26. 
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The next letter, dated April 25th, refers to the construction 
of both bridges, and the means to be employed for building the 
tubes and patting them together. At first it was contemplated 
to have them fitted and riveted, in parts, at the works of the 

contractors, and in that shape to forward them to their sites for 
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reconstruction. This arrangement, althoagii at first feasible, 

was subsequently abaudoiied, Avlieii the mode of raising and 
erection came to be considered, iicsidts, it was foimd exceed- 
ingly troublesome and inconvcment to have the work divided, 
and the different operations progressing in distant parts of the 
country at one and the same time. Ultimately the whole of the 
works were conoratrated at the Menai Straits and at Conway, in 
order that they might be placed under careful inspection, and 
that, at the same time, the requisite platforms and apparatus for 
constructing, floating and raising the tubes might be prepared. 

My dear Sir, ManchcBter, April Sfitii, 1846. 

As some months may elapse before arraugements cau be made to com- 
mence the aetual construction of the tubes for crossing the Menai Straits 
and the Conway, it may not be lotjkefl upon as premature if we bcfi^n 
to consider how this work is to be acct:>jupiiBhed. There is a ^rcut deal 
to be done beforehand, and considerable preparation will be requisite in 
order to ensure despatch, as well as to give sufficient time, for the due 
and perfect execution of the work. 

This is a consideration of some importance, and you having expressed 
a wish that I would undertake the direction and superintendence, I 
should be glad to have your opinion as to the beat and most efficient 
mode of going about it. We must have a meeting on this subject before 
modi ean be done; and in order to prepan the way, Iwould suggest for 
conadesation^ whether the riveting and fitting should be done at the 
Straita, or in sections at different establishments in the oountiy. I 
think the latter preferable, as it would relieve the Company of the ex- 
pense of workshops, excepting, however, what may be neoessaiy for 
joining the parta at the site of the bridge. I apprehend that the Com- 
pany would prefer it done in this way. He « 4( 

Yours sincerely, 

Robert Sfephenson, Esq. William Fairbaibn. 

The interval, from April 25th to May 11th, was chiefly occu- 
pied in preparing the drawings for the large tubes, in devising 
means for obtaining good material, and in various details con- 
nected with the dimeiibious of the plates, angle-iron, &c. to be 
used in the construction. 

In the latter part of the work Mr. Clarke (Mr. Stephenson's 
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assistant) along with Mr. Blair (my own aaostant) rendered 
valuable serrioe. 

My DIAE Sia, Mauclitj^ter, May 11th, 1846. 

Smoe OUT last meeting on the eabjeet of the bridge I have leoeived 
Mr. Clarke's note, giving two aepaiate stitementa of the proportions and 
thiekneoB of the plates for the Conway Bridge. I eonfeta I prefer the 
last propoaal, 26 feet highi with the leapeetive areas of tiie top and bot- 
tom aides in the ratio of 600 and 800 inches^ 

The verticsl sides, in every cssCf I should make of {tiha^inch plates, 
2 feet widety and the jointa covered with X iron, thna: at every 2 feet 

Fig. 29. 




aa at A. I once thought that a thin plate in addition, as at B out- 
tnd^ might be useful ; but on second consideration it would not be re- 
quisite, particularly if the sides are to be covered, or ornamented in 
the castellated style of the sunronnding scenery. Two or three tiers of 
plates about 8 inches wide, and y^tbs of an inch thick, wtU| however, be 
neeesssry on the inside of the X iron> as shown at a, a and 6, 6 in the 



annexed sketch. These strips will greatly 
tend to stiflen the sides for the support 
of theedlular top. 

As we are to have single plates» and 
all the parts open, and easily approadied 
for the purpose of cleaning, painting, &e.j 
I would (with your permission) put aiz 
rectangular tubes or compartments on 
the top, of the aune thickness as the 
crown plate ; and the bottom plate D 
made thinner, so as in all to make up 
the required area of 500 inches. The 
bottom should be done in the same way, 
with five compartments, and the vertical 
division plates of the same thickness, viz. 
tlis of iTi ineh, and the areas as before. 



Fig. 80. 




500 and 300 inches respectively. I ap- 
prehend this would be a good proportion, and better calculated fer re- 
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■utmg BtnoD, the atroog plates in eveiy ease bemg finrther ttom the 
centre or vertical axis of the beam. 

I am, my dear Sir, yours faithfully, 

Robert St^Aauon, Etq. Wiluam Faiuaisn. 

Fig. 31. 

P.S. If the f iron for the vertical sidea oould be 
foiled in this fofrn^ I ahoold pjcefer it. 

The distribution of the material, the size of the plates^ and 
the methods to be parsoed for putting them together, became 
matter of considerable importance ; and much time and thought 

were devoted to the consideration of tliis part of the subject. 
The stiffness of the top, the strength of the bottom, and the re- 
tention of form in the sides, reqidied the utmost attention ; and 
no skill, however perfect, could have saved it from fidlure, unless 
governed by the &cts and appearances presented in the expe- 
riments, which were on every occasion the unerring guide. 

The great object to be attained "was, tliat tlie resistance of 
every part of the tube should be so duly proportioned as to con- 
tribute its full share of resistance to strain when supporting 
itself, and the load which might be placed upon it. The sides, 
which appeared to have less work to perform than the top and 
bottom, were nev(;rtlieless an inij)ortant part of the structure ; 
and, owing to their great height, required some vertical support 
to keep them straight and free from ** buckling." This was ac- 
oomptished by the introduction of firames of T iron, which covered 
the joints of the vertical plates on both sides, and thus formed 
a line of pillars supporting the oeUular top of the tube. These 
firames were also of great value in giving union and strength to 
every part of the stnicture, and, hy their connexion with the 
top and bottom platforms, the requisite degree of solidity and 
stiffiiess was attained. We are indebted to Mr. Stephenson's 
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8uggestioiis for the arrangement of the T ii^^ ^ ^ outside ; 

according to the communication of May 1 1th, it was intended for 
one 8id(? only, but its application to both sides reudcre^d the lon- 
gitudinal strips, as shown in the sketch at d, b, &c., unnecessary 
(see fig. 30). 

Prior to this period (May 1846) there had been several com- 
mimicationB with Mr. Stephenson, as to the manner in which 

my services were' to he made available in tlie progress of the 
works. At a meeting of the Board of Diieetors, on the 13th of 
May, as wiU be seen from the following extracts from the 
Minutes of the Board, I was appointed to superintend the con- 
struction of the bridges, in conjunction with Mr. Stephenson, 
on principles of perfect equality with him. This wiU sufficiently 
explain the motives which actuated me, when I resigned this 
ap})oiiitnient in May 18*48. Had my position, as engineer to 
these particular works, been subordinate to that of Mr. Stephen- 
son, I should most certainly have contented myself with the 
part I had taken in the prelmiinary experimental researches, and 
should liav(,' left to others the task of can vmu; into cxecutioii tlie 
views originally entcrtuiiie(i bv tlie eugineer-in-eliief, and which 
had been so essentially modititid and improved by the results 
of my experiments. The duties which this appointment de- 
volved upon me^ not only reqmred constant thought, but were 
at the same time of no ordinary responsibihty : I willingly en- 
countered both, — and T am persuaded that the com'sponclence 
from this period to tlie final completion of the Conway tubes, 
will show that both the designs and the construction were left 
almost euHrefy to my superintendence. 

CHESTER AND HOLYHEAD RAHiWAY. 

Extract from Board Mmdea of May 13, 1846. 

BeBolved,— That Mr. Fairbaim .... be appointed to superintend the 
construction and erection of the Conway and Britamua bridges, in con- 
junction with Mr. Stephenson. 
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2. Tliat Mr, Fairbaim have, with Mr. StepheiiflOD^ the appointment 
of such perBona aa are neottaary, aabject to the powera of theur 
by the Birectora. 

d. That Mr. Fairbaim foniiah a list of the persona he requires^ with 
the ashuriea that he proposes for all foremen or othera above the dasa of 
workmen. 

4. That advances of money be made on Mr. Fairbairn's requisition 
and certificates, which with the accounts or \ uuciicrs are to be furnished 
monthly. 

5. That the Directors appoint a book-keeper at each spot, the Conway 
and the Menai. 

Geo&g£ Kixa. 

The works connected \nth the Conway Bridge may be said 
now to have been fairly coiniiKniced. V\m% of the workshops, 
required for the construction of the tubes, were in progress ; 
and much of the correspondence which follows necessarily 
relates to the details connected with this subject, to the ap> 
pointment of inspectors, &c., and to inquiries respecting the 
best manufacturers of the plates and otliei" material. 

Mr. Stephenson at this time again listened to suggestions 
about chains ; every care was taken to find out persons best 
qualified for executing these costly auxiliaries ; and in the design 
of the masonry preparation was made for their application. 

My BSAtt SlE, Manchester, Jmie 11th, 1846. 

I am {roin-^ over to Wolverhampton, Stourbridge, and j)i(»bal)iy as far 
as Colebrook-dalc on Monday. On Ttiesday, or not later than Wednes- 
day, I will have the pleasure oi seeing you iu Gturge Street. 

As stated in my hnrried note of yesterday, I will bring the drawinj^s 
of the workshops with me, and also such information as 1 can obtain 
ahout the manufacture of the chains. I shall consult some of the most 
intelligent iron mttniifacttireray such as Mr. Foster^ ^Ir. Thoraeycrc^ff :tnd 
the Colebrook-daic Company on that subject, and will use my best eU' 
deavonrs to have the Unka made without a weld^ and otherwiae constructed 
po aa to have them &c-ainii]ea of each other. 

I find I ahall reqniie the workshops about 500 feet long^ and having 

G 
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now ananged all the diawings, spediicstioiis, toola, be., I shall put the 
whole into the hands of a few respectable builders, in order to obtain 
tenders, and the time they wiU engage to deliver them complete at 
Conway and %ngor. Hie tools I have already ordered ; and I have also 

put the crabs in hand, so that every iliiriiz: may be ready by the time the 

buildings are finished. All that 1 shall now require, will be hall" an h<iur'« 
inspection of the drawinjrs of the workshops, before tht-y are placed in 
the hands of the contractors. Thi.s, I hope, may be accomplished ou 
Tuesday, and by the cud of next week we should be in a condition to 
eater upon the contracts. 

I am, my dear Sir, yours faithfully, 
Boieri SUphmmn, Esq. William Faubairn. 

Dbab Sib, Msnchester* June 23rd, 1846. 

Enclosed, you have tracings of the workshops for the Conway. That 
marked 1 shows u section ol the biuiUiug with the winirs ami diairoual 
bracei^, which 1 propose to fill up with at each end. At every Icct, 
we shall probably recpnre nioorinjf-rods on each side, extending from the 
top to piles driven into the ground to prevent the wind carryiiie: away 
the whole f^tructurc ; of this I will send you a sketch, as soon as 1 have 
seen the coutractor on the subject. 

In the meantime, you have in 2 a tracing of the platform we shall 
req^oire, 488 feet long, for erecting the sheds upon. All that we shall 
require you to do, will be to drive the piles, and cut them level on the 
top-side ready for running the cross balk AA, and the flooring, which I 
think the contractor for the sheds had better furnish. I shall, however, 
be glad to have your opinion on these points, aa also upon the dracrip- 
tion of slates it should be covered with* Boards would be lighter, but 
I apprehend slates will be fully as cheap* 

I am, yours sincerely, 

Alex. jRow, JSs^., C.£. Wiluak Faibbaibn. 

In foDowinpr ont tli(' expcrinuMits, and a(l:i{)ting lliciu to the 
form and construction of the large tubus, several weighty con- 
nderations presented themselves, with reference principally to 
the strength of the cellular top, and whether the resisting powers 
of a tube 30 feet high, and 450 feet spun, would follow the same 
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law as that exhibited in small models of about only one-twentieth 
the size. 

If we consider the magnitude of the structure, the extent of 
the span, thi' iniHR iise capital ciiibarked, and the ruinous con- 
sequences which a £uiuie would occasion ; some idea may be 
fonned of the great anxiety which these considerations entailed, 
and the necessity there existed for having always at hand a 
number of appliances, which gave promise of greater seciuity, 
and iield out prospcfts of success. 

These feelings will accoimt for the suggestion, in the annexed 
letter, of placing a wooden deck over the ceUs to stiffen the top, 
and still further to increase its powers of resistance to compres- 
sion. The experiments on the large model-tube ultimately dis- 
sipated the fears which had been entertained, and enal^led us, 
not only to dispense with the proposed wooden covei'Uig, but 
also witli tlie double tier of cells, which, at that time, were pro- 
posed for giving increased security to the top of the tube. 

My DiAR Sib, Maacbeiter, June 26di. 1846. 

I am devotiiic: nearly the whole of my time to the bridges, as com- 
posed oi Iruiut-wurk, chains, &c. : I have made luquirics iibout the 
chains, and find tliat Messrs. Howard, Ravcnhill and Co. have a patent, 
and are now rolling tlie links ot suspension-ohain« as as G cwt. each, 
liiis 1) iiig the case, I liave put myscll in coiiamuncalion with them, and 
have arranged to visit their cstabhshment next week, in order to inspect 
the process, and to see how far it will suit our purpose. 

I sent off two sets of tracings of the workshops to Wales, one to 
Mr. Ross for the Conway, and the other for Mr. Foster at Bangor. 
They will enable them to prepare the platforms, and have all ready for 
tile metkni which I have atipulated with the eontractorB, that 200 feet 
in length should not be pnt np later than the lat of September next, 
and the remainder to be finished by the beginning of November. 

As soon aa the tenders are reoeiyed, I can either forward them to you 
of to the Secretary, Mr. King, aa I presome tiie Directors will make the 
contracts. 

I had not time to explain when hut we met, my reasons for having 
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the upper ceDe the tob^ 80 inehes deep, and those bdow only 20 
iiueheB ; nor yet did I eqihin my rasmiB for soggesttng the timber deckj 
as shown in the last section* In the first instance, it must be borne in 
mind, that the drawing shows a section at the middle of the tube, where 
the cells are made deeper, in order to allow for the deflection ; and at the 
pins, they will be of equal dc ptli, namely, two tiers of 20 inches each 
way. \Micther would it be better to iia\e them equal throughout, 
retaining the rise or curvature ou the top to allow for deflection, or 
would a square box 30 inches deep resist more j)res8ure than one of 
20 inches deep ? I have to put this to the proof in our furtlier ex- 
periiiients at Milhvall, which my sou informs me will be ready to be 
comuieuced upon about tomorrow week. I think wc 'ilmll have to delay 
our discussion on tliose jioints \uitil these exjiei'uiieiits are completed. 
In the interval, 1 shall be glad to know if you could be disengaged on 
Monday or Tuesday, the 6th or 7th of July. One or either of those 
days I hoipG to have all ready, and I should like you to he present when 
the experiments are made; some new principle may present itself, and it 
is very advisable that you should be present to witness the results, what- 
ever they may be. 

As respects covering the top with wood, it may or may not be done. 
I expect it wiU not require such an addition, but it is well to he provided 
with a remedy in the event of any appearance of weakness in that part. 
Exclusive of the wooden top acting as an auxiliary to the top plates re- 
sisting a crushing force, I conceived it would be a good muffle, in eon- 
junction with a thickness of vulcanised Indian-rubber below the rails, for 
deadening the canister rattling sound, which might ring the changes to 
every passing train. Bnt of this we can talk hereafter. I am, my dear 
Sir, in hopes of seeing you next week. 

Yours always, 

Bobert St^keiuon, E»q. William Faibbaibn. 

During the oonatruction of the model tube, I took especial 
care that every despatch was used, consistent with the iiiojx r 
execution of tlie work. It Avas completed and rcarly for expe- 
riment 1)y the end of the first week in June, and it yielded on 
its first te&t, with a weight of 35^ tons as before stated. 

This tube was bioken seven different times, and as often 
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repaiiTcl. After each experiment, the injiired and tk lective parts 
were cut out, and the tuljc restored to its original form, with 
plates of increased strength, or otherwise, as mdicated by the 
nature and appearance of the fracture, or as drcmnstances might 
reqniie. 

Whilst progressing with the experiments, a question of con- 
siderable inipuriaucc was frequently mooted by intelligent 
persons, as to the effect of the wind on the sides of the tube. 
Several professional gentlemen, and others conversant with 
the sobject, ^tertained great doubts of its power to resist 
lateral strain ; and in order to allay those fears, the tube was 
laid upon its side, and submitted to the test of experiment. 
That these ex])erimeiits were satisfaetorv, will be seen on refer- 
ring to expenment 35, in the Appendix, wherein the whole of 
the tests are carefully recorded. Mr. Hodgkinaon was made 
acvpiainted with the result of the first experiment, as follows : — 

Mt dsab Sib, Polygon, Manchester, July 12di, 1846. 

I fibcHild be wanting in candoor, if I did not inform yon that another 

experiment, npon a larger tube than any of the former, was madc^ at the 
request of tht' Directors of the Chester aud Holyhead Railway Company, 
ou 1 iid.iv aiitl Saturday last. Tiiat ix- Fi^. .'12. 

pcriment appeared to be conchisive, as 
respects the stieugth aud -security of the 
bridires ; and T have received instruc- 
tions from Mr. Stephenson aud the Di- 
rectors to proceed immediately witli the 
working drawings and execution of the 
tnhet. Tou will, no doubt, consider 
this a premature decision, but the ques- 
tion with the Directors admitted of no 
delty^ and I felt unwilling to disturb 
the experiments now in progress by say 
announcement which you might oon- 
dder counter to Uiose in your hands. On 
the contrary, it is distinctly understood 



a 


a 


a 


a 


u 


a 



Digitized by Google 



86 



CORllESrONJ>iiNCE. 



that yuur cxpciinicnts are to proceed, and in such a way as you may 
deem most udvisuble for tlie further development of those laws which 
appear inseparable frf)ni tlu- iiupiiry. The experiuieut of yesterday was 
made at Millwall, iij)on a tube, as nrar as possible, one-sixth the dimen- 
sions of the proj)ost (l briilgc, as regards the span (75 feet), height, width, 
and thickness of ])late8. Tlie section in the middle was as in fi|x. 32, 
with six rellnlar tubes, as n, n, a. It broke witli 35,', tons by tcarmg the 
bottom plates at 20 inches from the centre of the tube. 
I shall be glad to lay the whole before you, and remain, my dear Sir, 

Years verj sincerely, 

B, Hodgkvmn, Btq, Williak Faibbaisn. 

Judging from Mr. Hodgkinson's reply to this oommuiiicatioii, 

it appears that he had still been unable to satisfy himself, iia 
to a correct formula for computing the stro!i«xth of the large 
tubes ; but the result of even the tirst experiuient on the model 
tube was so satis&ctoiy, that it warrauted active proceedinga 
without hia assistance. 

My dbab Sib, Salford, July 12th, 1846. 

I feel, from your present note, that the decision of the Directors is 
ahready come to, and therefore I do not at present see what service my 
further effitrts can he of. As I have no motives bat honest ones, I feel 
that it wUl be necessary to see Mr. Stqihenson and yonzself befbre pro- 
ceeding further : I know that the form will not be the best, but if it will 
do, it is nothing to me, except that I have been made an instmment of 
throwing away a deal of the Company's money through a deceptive un- 
derstanding. 

I am, my dear Sir, yours most truly, 
WUHam Fmrbmrn, Etq, £. Uodokinson. 

♦ % 4c « Manchester, July 13th, 1846. 

After some gottlemen, who are interested in the last experiment, have 
seen it, you may Ihen raise the top of the tube to its original pontion, 
cut out the fractured parts, put in plates a lUtU ihidur, rivet them upon 
the same principle as before, and restore the whole to its original shape. 
When this is done, we will lay it on its side, and ascertain its power to 
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reoBt the action of the wind by a lateral strain. In this experiment we 
shall not injure the tube, bnt ndse it again, and subaeqiiently sui^pcnd a 
permanent weight of 82 tons from the centre as before. You will please 
to arrange all these matters, bat I would not alter its present state for 
the next fortnight. 

Yours affectionately, 
7%omat F(aiMm, Etq. Wiluam FAiBBAimN. 

Mt dsab Sib, Manchester, July 13th, 1846. 

I sent a note to Mr. llotlgkinson immediately on my arrival yesterday, 
of wJuch the enclosed is a copy. His reply this uionung is, — 

" I feel, from yoiir present note, that the decision of the Directors 
is," &c. &c. (See letter of >lr. lIodgkinsoDj dated Salford, July 12, 
1846.) 

From the Hbovo you will see that an appeal will be made to you, and 
I am most anxious that my old and highly-esteemed friend should 
sustain no injury either in his feelings or reputation, which I am sure no 
one can appreciate nune highly than myself. I could noty however, 
allow him to rq»ndiate what had already been done, or yet to assume 
the position as a principal, when he was simply employed as an assistant. 
I think, under these circumstances, I have not acted improperly towards 
Mr. Ilodgkinson, and shall ever be glad to receive any assistance whidi, 
in this important matter, he may ehoose to render. Should he, however, 
prove obstinate and refractory, we must then dqiend upon our own 
resources, which I think vrill not &il us in case of need. 

I am, my dear Sir, fiuthfuUy yours, 

Robert Si^kemtm, Btq. Wiluah Faiebaibn. 

After this letter, Mr. Stephenson immediately wrote to 
Mr. Hodgkinson, and endeavom^ to aUeviate, if not to remove, 

the irritation uiuler which he laboured. This commuuicution, 
written on the following day, is as follows : — 

My mab Sib, Londoiip July 14th, 1846. 

Mr. Fuirbairn has foi warded me a copy of your note to him, in reply 
to one addressed to you at my suggestion, before he left Loudon a few 



Digitized by Google 



bS METHODS OF MOVING AND RAISING TUE TUBES. 

days ago. I much regret tlie Tiew you take of the matter, bat in my 
poaitioii as engineer of tlie Holyhead Bailway Compuiy, and npon whom 
the rcqponsibility of the Conway bridge being completed in time for 
opening that portion of tlie line (reats), yon must perceive the difficulty 

I labour under. The Directors are pledged to the shareholders to have 
this ]){)rti<)u of the line open by a certain period, aaii i um bound (i-veu 
at the viak of not having arr \ ( <! at tLi very best mode of distributing 
the material of the tube) to ]m)ceecl ; for what the eonsequeuce of delay, 
in a commercial point of view, after upwards of a million of money has 
been spent in finishing: the works, not simply the interest, but the loss 
of inoonit: and tht'sr toLrcther, yon will at once sec, must become a very 
serious consitleration both to the Directors and shareholders. Let me, 
therclbre, beg of you to continue the investigation you have already 
begun, and I ho})0 ])r<)gresscd with so far as to throw additional light 
npon the subject, and of which we can avail ourselves in the construction 
of the Britannia bridge. I hope to see you in Manchester in a few days : 
in the mean time, believe me, 

Youra faithfully, 

Baion Hodglamm, Etq,, Mmtehester, Robbbt Stefhenson. 

Wliilst the model tube was bong repaired, after the first ex- 
periment, a correspondence of some interest took place, as to the 
surest and best means of moving and raising the tubes on to 
the piers. The following excellent sii^jprestion waa originally 
entertained by Mr. Stephenson : he proposed to erect suspen- 
sion chains of a strength equal to the weight of the tubes, and 
from these chains to suspend a pbtfonn supporting a railway, 
over which the tubes should be drawn across the span to their 
final position. The more easily to acconiplish tliis, it was pro- 
])osrd that the tubes sboidd be built on platforms, at the re- 
(piired height, on each side ot the Straits; and from these 
platforms, they were to be transferred or carried by wheels 
rolling along the rails, over the platfionn of the chain-bridge, to 
their resting-place upon the piers. 

To this plan there appealed to be four objections; — 1st, 
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the depth of the tube (upwards of 30 fett} with its centre of 
gravity raised to a daiirrerous lici^lit ; 2nd, the enormous weight 
required to be moved ; 3rd, the danger of an oscillating motion 
of the suspension chains during the passage of the tube across 
the bridge; and lastly, the cost. 

Por the first of these objections, Mr. Stephenson pTOvided a 
reiiictly by securing a sutiu u iit width upon the rails ; and for 
the third, he proposed the very ingenious expedient of having 
always the same weight upon the chains. 

For example, supposing the tube to be 480 feet long and its 
weight 1500 tons, it was proposed to cover the suspended 
platform with loaded waggons of the same weight as the tube, 
and by one and the same process of haulage, to diaw the same 
quantity of weight off the chains as woiUd be drawn ppon them 
by the forward motion of the tube. By this process the chains 
would have been kept in a uniform state of tension, and in every 
position and portion of the journey would have had the same 
load to sustain. 

This wiis a clever, well-devised scheme, l)ut rather hazardous 
in its execution, and attended with great expense, as I believe I 
am within bounds when I state, that the cost of such a catenary 
would not have been less than £150,000. Under all the circum- 
stances, the plan of floating the tube to its position between 
the piers, and then raising it to its seat (as described in the 
following letter, July Lltli), a})j)eared to be the most eligible. 

It will be noticed, that in order thus to launch the tube into 
the sea and to float it, both ends must have been closed, and all 
the parts made water-tight. Even then it would have required 
a considerable quantity of ballast, distributed over the bottom, to 
keep it vertical, and to retain it in that position until it was 
sat\'lv landed on the top of the hvdraulie ranis, hv wliieli it was 
proposed to raise it to its scat, and which are shown upon the 
piers, as prepared at A, A (iig. 33). But all these suggestions 
(in which 1 had the able assistance of Mr. Clarke) gave way to 
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others of a more simple and effective cbaiacter, as described in 

the succeeding letters. 

My dear Sik, ManchMler, July ISA, 1846. 

After a careful and deliberate ooiuultation with Mr. Clarke, we have 
come to a decision reapectang the proportions and distribution of material 
in the tube. We have compnted it to carry a dead weight in the centre 
of 2000 tons, or 4000 equally distributed over the bottom. Now this 
gives us a large margin for any contingeney, and provided yen agree 
with us» I would at onoe dispense with ^e ehains, wheeb and platform, 
and raise the tube into its plaoe by a totally different process. The plan 
I have to suggest is this: to erect the tube upon the beach; dose up 
the ends, lannch it into the stream, and kt it float with the tide alongside 
the piers of the bridge. 

Having secured it in this position, float it into the two shelves of dUf 
soury, left open on purpose, as per sketch : 



Fig. 33. 




The two shelves A, A to be built a few feet above low water-mark, and 
upon each of tbeiii (o be fixed two lij'draulic cylinders. The tube would 
be floated at biirb water mi to the top of the rams, and after tlie tide 
lowers the t\ibe luiglit be pumped u}) in an hour, say 10 feet, ready to 
receive the stonework to be built under. This being accomplished, the 
pumps are raised, and another 10 feet are made at each end until the 
whole height is attained. 

As this can easily be done, and as we are satisfied we can do better 
without the chains than with them, cither as a temporary or permanent 
attachment, I would surest that you give the subject your serious 
consideration ; as, in case we can accomplish this, a saving of time 
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and oue-balf the cost of the bridge may be obtained. Besides the great 
amount of saving which would be effected to the shareholders, we are 

not deprived of the use of the chains, as, in case \vc slioukl want theiu 
(w Ineh liowcver I am satisfied we never shall), they can be attached after- 
wards, and pr >l>;il>ly better than before. I am looking for you here on 
Friday : and ( uic, as before, direct to the Polygon. If Mr. liod^'km- >n 
deeliiu s r o[!H)lctini; the experiments, which I hope for his own sake he 
will not do, X will continue them, and complete the whole to the best of 
my ability. 

I am, my dear Sir, faithfully yours, 
Robert Siq^ktMon, Biq, William Faiebaiut. 

Mt DSAft SiBy London, July 17th« 1846. 

I have had a note in rq^ly to mine addressed to "Mi, Hodgkinson^ 
saying that I had pat the tiung in adifferent light. He adds, howmr, 
that the tubes he applied for had not been made, except two, and tiiat 
when he is put in possession of them, he will continue the experiments 
he has undertuki u, and he docs uul duubt being able to suggest aa im- 
proved form of tube. 

If you can :u celerate the construction of the tubes Mr. H. requires 1 
would do so immediately, in order to allay the irntaiion which he seems 
labouring under, I admit without suffieicnt cause; but It-t us try to keep 
matters square. T am fully aware that this is your intention and wish, 
I wdl not therefore say more on the subject. I would have been in 
Manchester ere this, but I liave been unwell. « ♦ ♦ * 

Yoon fidthMly, 

WiUiam Fakbaiam, Esq, RoBxai ST£ru£N80N. 

Every day strengthened my dislike to the chains, and I never 
ceased to urge on Mr. Stephenson the serious waste of money, 
and absolute insecurity which their application would occasion. 

Acting upon this conviction, the follovring letter was written, 

detailing the improved mode of floating and raising the tubes. 
The plan, herciii reconiiiieiided, was idtimately adopted, with 
certain modifications, in the position of the platform and the 
hydraulic pumps. 
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My dear Sia, Manchester, July 18tii. 1846. 

***♦*♦**** 
I am quite aware of yoor desire to save aa much of the Company's 
money aa possihle, and feeling aaaured of yoor willing cooperation in 
eveiy aonnd and feasible acheme;, I addreaaed a ktter to yon at New- 
caatk^ some days since, looghly detailing the methods I proposed for 
raising the tnbea. Since then I have gone more folly mto the aubject, 
and what I now wish yon to consider is,— 

First, to erect the workshops upon the beach, where abasm or excava- 
tion oonld be made to admit a number of barges, on which the tube 
should be constructed and put together. The entrance to the basin to 
be about 80 or 90 feet wide, with an embankemnt or coffer-dam across, 
so as to uduiit the tide after the tube is finished, and aUow a passage 
for the barfros, witli the tube upon thcui broadside on, out of the basin 
into the tide-way as in sketch. 




The raft of barges bcin? once afloat would be towed dovm to the side 
of the bridirc, and quietly tioated into a shelf prepared on each of the 
piers on both sides to receive it. Aa the tide recedes the tube will remain 
auspended, and the barges may be removed from under it, in the manner 
ahown in sketch below at A. 

The tube having been lowered on to the shelf, formed aa described 
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above, two hydnmlic nmn, a, a on each ride, are tben pat in motion 
by pmnpi, and the tube ndied to a height of, say 10 feet. 




After attaining thii heif^t, the masonry is bdlt-in solid below to the 
bottom of the tube, which is thns snpported till the water-ejrlinders aie 
raised, when the same process is repeated until the desired hei^ is 
attained. The tnbea once raised to their permanent elevation, and pro- 
perly tied with Inraoes, it wiD then be time to oonrider how hr chains 
are desirable. Should they be absolutely required, they can easily be 
attached after the tube is in its place; and should they not be wanted, 
there is then a clear saving of nearly i6200,000 to the shaieholders. 
This is a consideration of deep importance, and, conscious of your liberal 
views in matters of this kind, I am most anxious you should give tlie 
subject your deliberate consideration. Let us have your opinion and 
ad\ice as soon as possible. 

To sret rid of the cluiins will be a desidi^ntum ; and I have made the 
tube of such stren<?th, and intend putting it together upon such a prin- 
ciple, as will ensure its carrying a dead weight, equally distributed over 
its bottom surface, of 4000 tons. With a bridge of such powers, what 
have we to fear ? and why, in the name of truth and in the face of rnnclu^ 
give facts, should we hesitate to adopt measures, calculated not only to esta- 
blish the principle as n triujr^k of art, but what is <^ infinitely more im- 
portance to the shareholders, a sa\ing of a large sum of money, nearly 
equal to half the cost of the bridge ? I have been ably assisted by 
Ifr. C3arke in all these contrivances, but in a matter of such importance 
we must have your sanction and support. 

I am, my dear Sir, always frithfully yours, 
Robta-t Stephenton, E*q* William Faisbairn. 
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34 Great George Street, Westminsser, 
My dbab Sib, 20th, 1846. 

I ahould be delighted to get away, but there are two or three Boards 
of IHveetors threaten me with actions for damages, if I abaent myself 
from London now that they have got their Committees in the Lords 

appuinti'tl. 

I receivod your letter from Newcastle, atul have turned over your pro- 
posal for another mode of erection, but the saine phin was di.seu.s.se(l at 
some lenirtlr bv myself and Mr. Ross for the Conway brid^'C. I proposed 
three pontoons upon which to |)hiee the tube, and tiieu lo tloat it into its 
place^ exactly as proposed in yonr letter. 

After nuieh consideration, I felt that, although practicable, the risk of 
accident was so great, and the consequence of any tniscarriajrc so si-rifms, 
that I abandoned it, and resorted to the chams. The tidal current both 
at the Conway and at the Meuai Straits is very rapid, and would render 
the management of such A mass «B a tube and pontoons extremely diffi- 
cult and precarious. 

Under these impressions, I was led to adhere to the safest method 
notfritfastanding the expense. In such an undertaking, I do not feel 
justified in running the least risk; but if I can see my way clearly, I shall 
not hesitate to modi^ my present views. 

The objection which first seemed to he in the plan of rainng the tnhe 
simnltaneoualy with the masonry, was the delay which would take place 
with the masonry; because it is evident that we must stop proceedings 
at onccj, until the tubes are sll completely finished. The tabes in this 
case would no doubt be usefiil auxiliaries for raising the stonework, but 
they, on the oilier hand, would much erobsrrass the process of setting* 
These however are not objections to the principle, and if safety can be 
attained, ought not to weigh at all. Now as to getting dowu to jMan- 
Chester this week, I am afraid it is wholly iuiiii.uticable ; for I have three 
bUls in the Lords, which I did iiot expect to eome on so soon, and I dare 
not leave in sjiite of the Doctor, who is insisting upon my leaving town 
for some days, in order to <:;et some quietness. 

If therefore yon and Mr. Clarke deem it essential to see me, I am 
under the necessity of asking you to come to town. 

Youra sincerely, 

William Fair bairn, Esq., Manc/tester, Rod£RT ISt£PH£nson. 
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When two penoDs are engaged in an investigation, having 
the same object in view, it not imfrequently happens that they 
will simultaneouBly, and independently of each other, arrive at 

the same general conecption. It appears from the preceding 
letter, that this was the case in reference to the plan of float- 
ing the Conway tube. When I commnnicatcd this plan to 
Mr. Stqihenson, in my letter of the 18th of July, it was per- 
fectly novel to my mind ; but it appears that Mr. Stephenson 
had previously discussed the merits of the scheme, and had 
abandoned it, in consequence of the apparently greater scciiritv 
ensured by the plan of a loaded plattbnu suspended hy chains. 
The ulterior use of chains, no doubt, gave Mr. Stephenson a 
leaning to this latter plan ; for it mnst be observed that, even 
at this advanced period, the plan of using chains as an auxiliary 
means of support, formed a leading idea of the structure in his 
mind. 

Tlie cellular form of the top of the Conway and Menai tubes 
constitutes one of the most remarkable features of the struc- 
ture*. My earlier letters to Mr. Stephenson give a historical 
view of the series of inductions which led to this important con- 
ception. All iui])k'asant dis})utc, however, arose, at this time, 
with Mr. Hodgkinsou, who asserted that he had suggested tliis 
form of structure. Now, fortunately for the cause of truth, 
Mr. Boss and Mr. Graham were present at the moment (Sep- 
tember the l^h, 1844) when I first drew attention to the form 
of the intended model tube, and gave directions for the prepa- 
ration of those with the corrurrated tops (see figs. 9 and 13), 
and ex{)hiined them to Mr. Hodgkinsou. Moreover, the ellip- 
tical tubes with a single cell on the top, were made and experi- 

* This cellular form of structure i- strikingly exemplified in the formation 
of the bones of animals, where great strength and lightness arc combined. 
It also deserves notice, that Professor Moscley, in his excellent work on 
Engineering, page 557, seems to have entertained a similar idea in reference 
to the distribution of tiie material in wooden beams. 
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mented upon during Mr. Hodgkinson's fir^ vUii, and this 
clearly shows that the wealmess indicated in the earlier experi- 
ments had induced me to look to a cellular structure, as tliiit 
most likely to prive increased powers of resistance. Mr. llodg- 
kinson was invited to Millwall for the ex})ress j)ur|)ose of ascer- 
taining the nature of the experiments which had been made» as 
well as of those which were in progress and under oonsiderar 
tion, with the view of deducing some general formula. That 
form of tube, with the corrugated top espeeiallv, was sketched 
out for liim, and also another form, recommended preferable, 
with a series of cylindrical tubes or pipes, as given in the 
sketch*, and of which Mr. Hodgkinson seemed to approve. 

The letters from Mr. Ross and Mr. Graham, inserted in the 
Appendix, however, speak for themselves, and fully prove the 
groundlessness of the claim set up by Mr. Hodgkinson. 

Mr. Stephenson was a good deal harassed about this time. 
A long parliamentary campaign, and the death of a near rela- 
tive, rendered it advisable that he should have change of air 
and relaxation. He shortly afterwards left for the continent, 
and during his absence preparations were made to let the work 
in forming the tubes, and to erect the platforms, &c. for their 
construction. 

My dkar Sir, Mmmu Stnits, August 14th, 1846. 

Now that you have determined upon leaving us for some weeks, I am 
most anrioas that eTer^ihing sbonlJ be settled before your departure. 
For this purpose I would bet; leave to fiinrsrest, that you spend pnrt of 
Saturday, and the whole of Sunday the 22nd with me at Mancliester, 
there to examine the working drawings preparatory to letting the con- 
atmetion of the tubes before your departure. 

A special Board might be called for that purpose, and in case 
Mr. Hodgldnsofu is not sufficiently advanced with his experiments, we 
could let them subject to such alterations and improvements as these 
experiments may ultimately render necessary and ^pedient. 

• See fig. 10, p. 17. 
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If you agree with me in these viewB, I afaaU at once proceed to the 
oompletioa of the finished drawings, weod out the circnkn, and ha?e 
everything settled before yon leave. I am sure all this should be done, 
and I am most desirous, after you are gone, that yon shoold have nothing 

on your mind to disturb the comfort and harmony of your enjoyment 
abroad. It is possible I may have to beg off for u few weeks after all 
this business is in train, m I want a little respite from other duties be- 
sides thusi' of the bridges, in order to reeruit an otherwise good eonstitu- 
tion which received a severe ahoek r\\n ytars since; but of this 1 will 
talk to you by and by. It shall not however interfere with the duties 
I owe to this important businessi nor yet shall it lesfieu the comforts of 
your projected tour. 

Captain ^loorson informs me that it will be absolutely necessary to 
have down here before yonr departure, as there are several persons 
you will require to see; and assuming this to be the case, it might pro- 
bably suit your purpose (after the decisions are come to at Manchester) 
to proceed forward here, and finish all off at once. I will join you if 
necessary, or remain at home, aa the case may be. At all events, I will 
meet yon again in London, first to repeat the experiments on the modd- 
tnbe, and crush the top, and afterwards to attend the Board and let the 
tubes. Tell me if this anangemeat will suit, and believe me. 

Yours faithfully, 

JRobert Stqtkauan, Esq, WitUAif Faikbaibn. 

The following commimicatioii, August 15th, will explain the 
methods adopted for the conBtruction of the stages or platforms 

on which the tubes were to bi; erected. At this tiiiu> it was 
intended that the different contractors sliould construct and 
rivet the tubes iu sections at their own pr iiiisL's; and that 
those parts should then be transported to the Straita and put 
together, and reoonstructed on the stages prepared for that 
purpose, as shown in the following sketches (figs. 86 and 37). 

This system of operation was afterwards modified, with the 
consent of the Contractors, and the works were proceeded 
with us nearly as possible to the respective sites of the bridges. 
A phitform was afterwards erected for each of the large tubes, 

B 
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with pre])aratioiis for })lanng the poiitoous under them, when 
ready for Hoatiug, as represented in iig. 37. 

My dear Sir, Mcntd Straits, August 15th, 1846. 

I am not only deprived of the lienefit of your presence and assistance^ 
but both ]\Ir. Foster and Mr. Ross are from home, and out of the way, 
consequently Mr. Churke and myself have the whole thing to onrselves. 
I have seen Captain Moorson this morning, and aft» a survey of the 
Straits last night, I think we shall finally decide as to the nte for the 
erection and oonstniction of the tubes. To the attainment of these ob- 
jects, there are two methods which present themselves ; the first of which 
is, to erect two of the tubes simultaneously abngside of each other, paraUel 
to the beach ; and the other to erect them simultaneously in a line upon 
a staked platfwm at some point between high and low water-mark. In 
the first arrangementj it would be necessary to hare the workshops a fix- 
ture, 70 to 80 feet long, and to move the tube forward as it is put together 
out of the way, or, what is deemed preferable, to keep both tubes in a 
line, and move the workshops along the platform, as iji the sketch. 

In this case it would he dc'^irabh' to have two moveable workshops 
witli a crane to each, as shown in the side view and section at A A (tig. 36). 
ThctiC to be made as liijht as possible, and to be rooted with thin sheet iron, 
as a cover for the men to work vnul<*r at any particular part of the tube. 

These cranes micrbt also be used for discharfrintr the cargo of riveted 
plates as they come from the contractors, by forming a basin or wet dock 
at B, for the reception of the vessel at each end of the tubes. I have 
consulted with Mr. Foster and Mr. Clarke ou this matter, and all parties 
being unanimous in their opinion as regards the efficiency of this mode 
of construction, we now only wait for your ssaction in order to commence 
forthwith. 

It is probable we may have to raise a rough framing along each aide 
of die tubes, and move mily the cover and top-part of the workshop with 
its attendant crab-hoist, whidk I apprehend will be preferable and less 
Bubject to accident from the wind. 

Mr. Poster has just made his appearance, and having in conjunction 
with Captain Moorson made another surv^ of the Straits, to the south 
of the Britannia rock, we have determined upon fixing the platform 
alongside the margin between high and low water-mark, at a point on 
the eaat side, about 400 yards from the bridge. 
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Id consequence of this determination, I btve written to Meian. Vm.» 
lin^ to stop farther proceedings, and requested them to make ont a 
statement of the eipenses they have abready incurred in the preparations 
for the wcwkshops : as soon as that document is received, I shall then 
be prepared to offer them auother contract upon the arrangement I have 
now ])roposed. I trust all these proceeding's will be satisfactory. It is 
important that no further time should be lost, and deeming it necessary 
to save yours as nnich as jjossible, I have come to these conclusions, 
which, if found correct, you will j)lease to sanction by a note to Man- 
chester, where I shall be after Saturday next. 

I am, my dear Sir, yonrs fiuthfbUy, 
Robert SUpkeMom, Stq, Wiluam Fairbaibn 




My dear Sib, Newcastle-on-Tyne, August 18th, \S4G. 

I have made my arrangements to be in London next Saturday with a 
view of dosing my business there for a month or five weeks. On Satur- 
day evening I shall endeavour to leave by the mail for Manchester, 
in order that I may spend Mond^ with yon to settle matters as to 
Conway. I am very much obliged for your attention to the arrange- 
mento at the Straito in my absence. I quite concur in all you have 
done, and hope you have put the shops, ftc. in train. If you be in 
London on Saturday, I hope you will give me a call. 

Yours sincerely, 

mmam FMaim, Egg,, Engineer, Robbkt Stbphbnson. 

Man^eBter, 

H 2 
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Sliortly after the receipt of tliis letter, Mr. Stephenson left 
for the Continent, where he remained for six weeks. Duiuig 
that time preparations were in progress for tlie construction of 
the tubes and the wooden platforms at the CJonwaj as well as 
the Menai Straits ; and the different sites having been deter- 
mined iij>on, no time was lost in commencini? operations for 
(.'aiTvinji; ihcsc oLjcfts into etieet. Designs for llic workshops 
were also prepared, and in fom* months from this time, the whole 
of the Carnarvon shore (extending from the site of the bridge to 
a distance of nearly a mile to the south) was covered with an 
active popidation of brick-makers, masons, carpenters, &c. 

On the o])posit(? shore the same activity prevailed, but 
upon a smaller scale, as the only works carricMl forward there 
were the abutments and piers for the support of the tubes on 
that side of the Straits. The manufacture of the tubes was 
confined to the eastern bank. CSontrasting the beauty of the 
landscape and the murmurs of the waters, with the heating of 
rivets and the ringing of liaiiimers, a highly interesting scene 
was presented to the view oi the speeiai(H'. While the prepa- 
rations for the scaffolding, &c, were going rapidly forward, the 
experiments at Millwall were not neglected. The tube had 
been repaired on two different occasions, and after havmg been 
crippled for want of stiflhess on the sides, it was again restored 
and the expt iiiiients proceeded with as before. Immediately 
on Mr. Stephenson's return, I ac(piainted him with the results 
of the experiments, which had been made during his absence, 
in the following letter. 

My dbaa Sib, Manchester, September 27th, 1846. 

It was only yesterday that I beard of your retom^ I hope in good 
health and spirits. Mr. Clarke will inform you of the progress we have 
made with the various details of the tabesi and you will receive from him 
the working drawings, and, by this post, the specifications requisite to 
gtude the parties in their tendera, which must be ddivered at the office, 
Moorgate ^reet, on or before the 6th instant. I believe the drawings 
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and qieeificatioiu are all eonrect ; bat you will perhapi take tlie trouble 
of looking them over al<mg with Mr. darkey and tofonn me how far 
they meet your approval. 
In a former letta you wiH recollect the promise 1 made to give you 

an account of the last experiment made on the model-tube, at Millwall, 
on the 11th. Immediately after the experiment on the 31»t of July, 

when the cud of the tube gave way by twisting over with a weight of 
94,710 lbs., or 42 3 tons, the model was again straightened, and the 
cause of the faihire being a want of stilTuess iu the sides, those parts 
were repaired by ihc introduction of vertical pieces of l|<inch angle iron, 
riveted at distances of 2 feet internally on each Fig. 38. 



side. This was done, not for the purpose of in- 
creasing the strength of the sides, but to retun 
them in shape. An iron cross (as at A in the ad- 
joiniDg sketch) was also introduced at each end to 
keep the tube in its vertical position, in the same 
way aa the lugfi tube will be supported by the 
mawnzy of the towers at each end. Having re- 
stored the tube in this manner, we found its pro- 
portions as under: — 





1 1 






A 





Aieaof thetop 24*024 inches. 

Area of the sides 9*000 inches. 

Area of the bottom 12*800 inches. 

Weight of the tube 515 tons. 

On the 22nd of August, the tube was loaded with 77,527 lbs., which 
was left suspended for 19 hours, when the deflection increased from 
3-25 to 3*5 inches. Fart of this weight wha then removed, and about 
20 tons left suspended, from the 22nd of August to the 10th of 8ep- • 
tember, when the deflections were again taken, and found to have 
increased only 0*25 of an inch. These appearances were highly satis- 
factory, and exceedingly interesting, as exhibiting a state of permanency 
in the resisting powers of the tube, evidently showing that all the parts 
were coming into play, and that in equilibrium with the load, upon the 
ssme principle as shown in my former experiments as to the effects of 
' time on cast-iron bars. Tliese arc important facts, ao fiur as they show 
a state of p^manency in the resisting forces ; and that more particularly 
when the molecules o£ the material have taken their respective positions 
to resist the destructive tendency of the load. Under such circum- 
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stances, the tube would can-y (m the absence of a disturbing cause) the 
load ad infinitum. 

After all till- parts of tlic tube under straiu were broujfht to btur, 
the experiment was resinned on the 10th instant, when the load was 
procrressivply iucreas<-(l from 77,527 Uis. to 12(»,13H or 5r>-3 tons, 
when it broke, by tearing the bottom asunder throujrh the solid platen. 

Now, if we compare the above results with the tirst expenmeut, we 
shall find, that by the simple addition of 5 cvfi. more material^ the bear- 
ing powers of the tube were raised from 85^ to 56| tons ; and even with 
this latter weight, the cellular top is yet too strong for the bottmn, and 
I have no doubt, if the next experiment comes up to my expectatiosi, 
that the pievious experiments, as respects the ratio of 6 to 8j of the top 
to the bottom, will be foUy confirmed. Assuming however the present 
to be the maximum, we should then have for the large tube Uie fiiUow- 
ing results :~ 

Taking the area cf the bottom of the model tube at 12*8 inches, the 
breaking weight 56'8 tons, depth 54 inches^ and the distance between 
the supports 75 feet; we have (neglecting the weight o/t the tube), by 
Mr. Hodgldnson's formula, supposing the tube to be cast-iron, 

26 X 12-8. X 5 4 _ , ^ 

900 — 

oi- say :20 tons. Now, the same area tor the bottom, when composed of 
plate iron, carried 56'3 tons. Henoe 

56:3 X 26 _ 

as the new constant for w>mputing the strength of tubes of the same con- 
struction as the model. Taking therefore the new constant, we have for a 
tube six times the sice in every reqMSCt, and six times the tbiffkn^ of 
pbtes, or 460 foet span, 27 feet deep, and 460-8 inches area at the bottom, 

78 x 460-8 x 324 
5400— 

the breaking wdght, exclusive of the weight of the tube itself. 

Let us now compare these results with Professor Airy's theory, that 
the strengths are as the squares, and the weights as the cubes ; then we 
have half the weight of the tube added to the breaking weight, and this 
sum multiplied by the square of 6, or 



(^+563^x36=2119 
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tons M tbe Ineakiiig wdght, inchidmg ito own weiglit* Again, 

tons M the weight of the tube* If tberefiue 2119 tons be the nuud- 
mom load that the tnbe will hear, and 1112 tons the weight of the 
tube itadf, it then ibUows that 2119—556=1568 tons, is the load the 
tube win carry exclusive of its own weight ; or, by the formula when the 
weight of the tube is added to the breaking weight, the coiistaiit will in 
round numbers be from 73 to 80. Hence 

80 X ir.<) X 324 .556=2208-556=1652 tons*, 



* Let W = the total breaking weifjlit of the experimeutal tube, w — the 
half weight of the tube, aud L = the weight of the breaking load ; then 
W=L+ti;. Substituting this value of W in equation (1.) page 68, we have 

L+iP=f^ (1.) 

/. C='i5l+5> (2.) 

ltd 

Taking 1^75 X 12. a=12*8, dssS4, L=56'8. and w= ^ =2-575, as de- 

termiued by the foregoing experiment, we find 

C= 75 X 12 (56-3 + 2-575 ) _ yg.gg 
12*8x54 ' 
which is the vakte of Ae constant. Sabotitntiiig this in equation ( 1 .)* we find 

L,= IzJ^Zj~{ —Wf tons (3.) 

Taking C=80» then we have 

L,= ^^'^ '—to^ tons, (4.) 

which is the general expression for the breaking load in tons, of any tube 
similar in fonn to the one from which the constant C has been determined. 

Taking I|S46S. d,sz3\, 9,ss460, and 1^ =600, then bjrfonwila (4.) 

L,= ^^^^2<3i -600=1869 tons. 

' 402 
which is the result obtained in the letter. 

When the large tube is in all respects similar to the experimental one, we can 
determine %c, in terms of w, thus we have» firom the property of similar solids, 
w: w, : : P : I* 

W tons (d.) 



The expiesBions (4.) and (5.) are, substantiany, the formulae by which I have 



Digitized by Google 



104 



CALCLLATIONS RELATIVE TO THE 



the breaking weight (which is rather a higher value than the one given 

above). AaaniDiug that thia ia ecvreet, which I am peraoaded ia not far 

from the mark, we ahould then have, for one of the BritaDnia tnbea, 

462 feet span, 81 feet deep, and 400 tnchea area in the bottom, 

80 x 460 x 872 

56ii «24d9tonaj 

Btid supposing the tube to weigh 1200 tons, we should have for the 
breaking weight 2469— 600=1869 tons, tlie loail it would carry in the 
middle, exclusive of its own weisjht. If it therefore carries 1869 tons in 
the middle, exclusive of its own weight, and the greatest load that can 



made all my calculations. Taking 

»= ^ tons, i;s6x 75=450* d^^S xf^a37. and a,s6*x U'8 

=460 8, we have from equation (5.) 

« > X ^ s656 tons ; and from equation <3.) 

76-65 x 460-ex27,^^g^ ^^^3 
' 450 

Taking tlM valim of the cmntant C=80. we thonld find from farmuk (4), 
L^sl656 tons, as determined in the letter. 

It is desirable that we should have a fbinnnla eontainmg, ta one agression, 
the essential data of the problem. 

Assuming W= 

• W — "'^'^ 

- • ^ I 7~* 

•i 

hence by divimon we have 

^ssfiif (6.) 

But since the solids are supposed to be similar, we have 

a : a, ::/■•*: //, 
and d : d, ::/:/, 

.-. ad : ajd^ : : ; //, 

sttbstitnUng in equation (6.), 

w,^ V, . I. = iL 
w ^ {, p 

w,= '^'.W (7.) 
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be put upon it be 1 ton in every lineal foot, it it evident that tbe load 
will be in the ratio of the strength as 463 :3788, or as 1 to 8. It is true 
that tiie tube must alwiys be subject to a permanent load of half its own 
weight und the permanent way, which may equal 650 tons ; bat this 
taken from 2469 tons still leaves 1819 tons, or 3638 tons distributed 
equally over the surface of tlic lower part of the tube, which is eight 
times the ^e-atest luad that ever can be brought upon it. 

I have ^one further into the iuvesti^atiou than 1 at tirst iiUciitk'd, but 
I feel anxious to put you iu possession of all these facts, and I shall be 
glad if your conclusions hannonize with those I have giveu above. Should 
they (htfcr, I should be glad to know wherein that difference cousists, and 
I shall be most happy to receive from the facts deductions more conclu- 
sive than my own. 

The meeting of the British Association, at Southampton'*', appeared a 
fitting opportunity for ascertaining the opinions of the different savans" 

Substituting L+« for W. and L^+»| for W,. we have 

hat by equation (5.) we have 

. wjtoo (8.) 

which expresses the breaking load of a tube /, feet long, and in all respects 
!,n,itl<ir to an expurimeutal tube, whose length is / feet, weight w tons, and 
breaking load L tons. This formula is convenient for calculation. 

Taking 1=^15, Ls56-3, and /^sm we have 

which is the sane result as that obtained from formula (3.). 

* Some time previous to the meeting, Mr. Hodgldnson, in order to enforce 
his claims relative to the oeUulsr structure of the top of tiie tubes, intimated 
his intention mskbg these dainss public ; this determination led to the 
discussion which took phioe at the meetiog of the British Association, 
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as to the results of our experiments ; conceivinf^ that in case we did not 
receive assistance in the inquiry, we sliould at all events hear the ob- 
jectioua which different men with ditferent minds niij^'lit urge against 
theni. These objectioiis were not so immerous as 1 exj)eeted ; and re- 
verting to the animated and interesting discussion which took [)!Hec, 1 
should draw the conclusion, that the opinions of theoretical mcu of sci- 
ence, as well as the ptililie at large, are in our favour. 

Before coming to a decision as to giving the meeting a short abstract 
of results^ I sent a note to Mr. ilodgkinson, intimating my iotentioil, 
and oSiering him the opportaiuty to make any statement he chose, rather 
than fdieatall him in a position to which I had no doubt he would claim 
a precedence. To that note I received no reply ; but immediately aft^ I 
}iad given an account of the results obtained at Millwall, he read a paper 
claiming the whole merit to Mmselfi and t]iat eveiTthing waa done at hia 
anggestion. 

Even now it is in vain for me to tell my friend that I have undeniable 
proofa of the cellular top having been talked of and decided upon before 
he ever saw the experimenta. He believea nothing, and will liaten to 
nothing; I must therefore leave it to himadf> as I have no doubt you 
and odiera will do me juadoe in this and every other daim to which I 
am justly entitled. 

I am, my dear Sir, faithfully yours, 

Robert Stephenson, Esq. Wiixiam Fai&bairn. 

The experiments, detailed in the preceding letter, are pro- 
bably anionf^st the most interestiug of the whole scries. The 
letter cxpluius the high state of perfection to which the experi- 
ments had been carried, as regards the properties oi imught 
iron tubes, and by calculations, baaed upon these experiments, 
fully demonstrates that the maximum or ultimate strength of 
the tube proposed, for the construction of the iiai Bridge, is 
far more than sufficient to carry the greatest load which ciui 
ever be placed upon it, without the aid of auxiliary chains. 
Moreover, a higher value was derived for the constant in my 
formula for the strength of tubes, than had been assigned 
by the previous experiments. Although this formula did not 
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entiK 1} Mgree with Mr. Stepbenson's, yet it lias been found 
sufiicii'iitlv atcuialr for every practk-al [)uvp<ise, and is now 
much in me, for computing the strength of wrought iron hoilovv 
tuhular girders. 

The other parts of the letter have reference to the meeting of 
the British Association for the Advancement of Science, held at 
Southampton, at which a brief statement of the results of the 
expc i iiiK nts wm given. 

Tiic next two letters are explanatory of the nmiuudcratanding 
which continued to exist between Mr. Hodgkinson and myself, 
and the debate which ensued in the Mechanical Section of the 
British Association at Southampton. The discussion was much 
to be regretted for sev(;ral reastnis, which liowever have no par- 
ticular interest in relation to the present subject of iuc^uiry. 

Mt dear Sir, Shrewsbury, October 7th, 1846. 

Althoncjh I have not r( [)liL'd to your letters 1 have attcntivtly perused 
them, and shall be prepai*ed to discuss the calculations when we meet. 
Your notion of the fonntda, aa spphcahle to tubes, does not quite tally 
with mine. 

I conclude you intend being in town on Satorday^ aa I understand the 
tube will be feady for another trial at MiUwall. 

I hew an nnsalu&ctoKy accoimt of the exhibition at Southampton on 
all ndea; indeed when I first heard of it I was both aurpriaed and dia- 
appointed; for I felt that either the Board or myadf ahould have been 
oofDsnlted on a matter in whieh the interests of a large proprietaiy are 
eoneerned. Aa the qoettion now itands, a donbi is thrown orer the 
whole thing by what fell from Mr. Hodgkinson, which I deeply regret; 
hot on diia sabject I wiU talk to you whoi we meet. 

On Saturday morning I shall be engaged, but in the afternoon I will 
endeavour to see you at MiUwall, and if I do not, pray arrange that we 
may meet somewhere in the evening. I wrote to Mr. H. by this post, 
expressing a wish that he may be at Millwall ou Saturday, which I trust 
will be convenient to you and him. 

Yours faithfully, 

W, Fairbaim, Btq. Robskt Stefhensok. 
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My dear Sir, Manchester, October 9th, 1846. 

I believe you are riglit, and I stand chargeable with precipitancy in 
having allowed the subject of the experiments to come at all before the 
sections at Southampton. My object however was threefold : tirst, to 
allay all doubts about the undertaking, by recording the many satisfac- 
tory experiments on the model tube ; tecondly^ to obtain wnne further 
theoretical knowledge on a subject of such importance from the leading 
men present at the meeting ; and lastly, to put an end tn the unpleasant 
position in which I have all along been placed with Mr. Uodgkinson. 

Agaittf I was strongly nrged by several parties to bring it forward, and 
I mentioned the subject to one of the Directors : your absence i»evented 
the possibility of consultatiouj and was the sole cause of my yenturing 
upon such a step. 

It is however now over, and I hope without any injurious effect. We 
must be more careful in future, aiul being in a great measure inexpe- 
rienced in railway matters, nothing shall take place on my part without 
your privacy and consent. 

As respects the misunderstanding between Mr. Hodgkinaon and my* 
self, that is now all settled, and I shall cheerfully wait tiie result of his 
experiments, and make any alterations in the form or construction of the 
top, as the factij may determine. 

I must not however disguise from you the ^eat expense wliich these 
experiments, wtll as my own, will entail upon the Com])aiiv, and I am 
most anxious, as .soon as you arc satisfied and we see our way clearly, to 
put a stop to them. I intend tli« one now forthcoming at Millwall (if 
satisfactory) to be the last, and 1 hope we may also be able to terminate 
those here upon the same principle. 

ISo far as regards myself, 1 am perfietly satisfied; and exclusive of all 
theoretical inquiry, I have no hesitation, from the experimental facts be- 
fore us, to give an unqualified assurance that the work can be done at a 
moderate expense, and that successfully. If you concur with me in this 
• opinion, I will set my shoulder to the wheel, complete the work, and 
then ask the opinion of the mathematicians after the whole is finished 
and at work. The present discussions on the subject in the different ^ 
journals is mere moonshine. / wiR ttick to the facta h^ore the fgwres; 
and although I am far from despising theoretical knowledge, I would 
nevertheless infinitely prefer solid facts, and my own judgement in rea- 
soning from such data, for the construction and consummation of such a 
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wolk. AH along I hairt nmneservedly spoken my mind, and pat you in 
poasession of ereiy circomatanee eonneeted with thia inquify. 

All theae &cta liave now so firmly eatabliahed my opinion of the prac* 
ticalnlity of thia nndertalcing, that in caae I atood alone, with only an 
oocaaional oonaoltation in George Street, / could buUd the hndgt» 

The tube will not be ready before Tiieaday or Wedneaday next. I 
bdiere it rained inceiaantly in London last week, whidi has in a great 
measure retarded the progress of the work. I am however writing this 
evening to request that they will, without fail, be ready for us on Tues- 
day inoriiiug, when I shall call upon you, and 1 hope that you wiii keep 
yourself disengaged for the purpose. 

I am, my dear Sir, alwaya faithfully yonrs, 

Mert Stephetum, Esq. Wiuiam Pairbaibk. 

P.S. I will bring Mr. Hodgldnaon with me. 

It appears from the following letter, that Mr. Stephenson had 

the subject of the experiments and the proposed construction of 
the tubes under consideration. 

In this oommunicatiou he obviously clings, with considerable 
tenacity, to the notion of bringing the upper side of the tube 
into a state of tension. This was however an exceedingly 
difficult problem, which, however, we attempted to sohre in 
experiment 18*. In this experiment it became evident, that 
the tube, owing to its rigidity and the peculiar nature of the 
strain, was resolved into a simple rigid girder, resisting severe 
transverse strain in the iisnal way, viz. by extension on the 
lower, and compression on the upper side. Every previous 
and subsequent experiment gave evidence of these facts; and 
tlms every attempi to meet the views of Mr. Stephenson in this 
respect pro\ cd abortive. 

These iiacts having been clearly established, the advantages 
(whatever th^ might be) of bringing the top of the girder into 
a state of tension were with common consent abandoned; and 
in making out the calculations, the tubes were taken as a com- 

* See Af^ndiz. 
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mon girder or beam, and that without reference to the attain- 
ment of tension on the upper side caused by the deflection of 

the tubes over the \mrs. 

Tliu top and bottom sides of the tubes for the Britauuia 
Bridge were intended to be parallel ; but on further considera- 
tion, they wece altered to their present form, with a nse or camber 
of 7 feet on the centre pier, and tapering with a slight curvature 
from a depth of 30 feet in the middle to 23 feet at each end*. 

It will be observed, that the scjiiare cells, in conjunction with 
each other, as exhibited in the model tube, gave indications of 
great strength: when treated separately as pilhurs they were 
weak, and according to Mr. Hodgldnson's experiments the 
cylindrical forms were unquestionably superior ; but taking the 
scjuaro cells in conjunction, — as represented in the model, and 
in the large tubes thenisflves, with struncr anjjle-iron riveted 
along the angles of each cell, — a perfectly rigid piece of frame- 
work of great power is presented to the force of compression. 

This principle of construction affords every security in the 
resisting powers of the top of the tube, and is, in other respects, 
iniiniU'ly superior to the circular cells. 

The nielluKl of lifting tlie tube had been under consideration 
since the time when it was proposed to float it, and then raise it 
to its place on the piers by means of hydraulic powerf. Various 
forms and positions were, from time to time, assigned to the 
pumps, aD of which terminated in fixing them on strong cast- - 
iron girders, built ml*> the to^vers, with strong chains attached 
to the cross head of the rams above, and to cast-iron frames 
and four cust-irun girders, fixed transversely to the ends on the 
inside of the tube below. 

The tube was raised to its place by a series of lifts of 6 feet 
each. In effecting this object, it was necessary to retain it 
suspended ut eaeli sueeessive lift, till the iiydruulie ram was 

* See Plate* vhich exhibits a side view of one-half of the Britannia tubes, 
t See Plate showing^ the machineiy and apparatus for raising the tube. 
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lowered for the next elevation, and bo on tOi the required height 

was attained. This was done, on a very simple principle, hy 
tlie iiitroductioM of "clips" or "climbs" which wviv iiiatie to 
elide under the shoulders of the joints of the chains, which rest- 
ing jxpoa a solid cast-iron frame attached to the girders, sup- 
ported the tube till the pumpe were lowered; and by a similar 
arrangement of clips on the cross head of the ram, the raising 
process was continued as before. I'roin tliis di^sdiption there 
will be no difficulty in perceiving how the tubes were raised 
into their places. All the machinery was computed to bear 
three times the weight of the tube (equal to a load of 4500 
tons) ; and having a steam-engine at each end for working the 
pumps, the process became at once easy and perfectly secure. 

The successive suggestions made to prevent the twisting of 
the tubes were of great value, as previous to this time there 
had been no experiments made having a special reference to this 
pointy excepting those on the model tube« on which perfect re- 
liance in this respect could not be placed. In Ihe end, however, 
great strength was attained from the stifiness of the connexion 
bctw i. cii tlic top and bottom cells of the tube, which completely 
set at rest all tears on this head*. 

My dear SiH, London, October 25th, 1846. 

I spent some time yesterday with Mr. Clarke, diseussing the suljjc cts of 
your last letter, and I shall again do so tomorrow, previous to his leaving 
for Manchester^ whidi he will do in the evening^ either by the egress 
or mail train* 

If the upper part of the tube, rt sting on the piers, is to be brought 
into a atate of tenaion (which I feci certain it ought to be), then T doubt 
the propriety of leaaening the depth of the tube at these points, at least 
to any eonsiderable eztmt. It appears to me, that the tube should be 
paraUd top and bottom, onh^ g;iving auch a camber both top and bottom, 
aa would allow of the tube becoming quite level with its own weight. 



* See Plate represeDtiiig a sectional view of the C<mway tube. 
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On thu point however I will go more into detail tomonow, and Ckrke 
will oommunicate my idow on hia amTaL 

The diswittg with the aquare ceUa I have eiaiiuned, and think an im- 
provement ; and looking at the reaulta of the laat experimenta at MiUwall, 
the vectangolar eeHs appear to be quite safe, and therefore render the 
circular arrangement of less consequence ; but should the last experimenta 
of Mr. Ilodgkinson show a vtry decided supenunty in the circular forms, 
then I would advise you to consider the best mode of constructing the 
circuhir cells, when I will meet you personally to decide wliicli is to be 
acted upon. This I shall he able to do tomorrow vuck, and at the same 
time settle how we are to carry out the contract witli Evans. 

This will requH'ti sone management, for it is evident that ever}'thing 
he does must be first sanctioiu (1 l)y you and myself, not only in his pro- 
ceedings for constructing the tube, but especially m monng the tube 
into its place : this I cannot leave to him as his contract contemplated ; 
but the modification in the arrangement 1 do not apprehend will give na 
any trouble. 

I am ainoerely glad that your aon and Ditchbum have succeeded in 
arranging with the Company. We must put the whole of the Britanni* 
into their handa^ aa I am aure the othera are unequal to the thing. We 
must viait both their establiahmenta when I eome down to Mancheater 
to decide the other mattera. 

The method of lifting requirea more conaidevation than it haa had. 
The pumpa in the tubea have aome advantagea in the ateadineaa, over the 
plan of placbg them on the tops of the high walla between which the 
tnhea are finally to reat 

tf the tubea are partly suspended by the top of the piers, much of the 
necessity for atrengtbening the aidea by east-iron pillara is removed, but 
I lean to the adoption of both. Hie liability of the tubes to twist presses 
much on my mind : the strength I have no fears about, but the twistmg 
tendency, owing to the height being so much greater than the width, 
will not be inconsiderable, and demands further rejiectiun. 

Believe me, youra faithfully, 

iViUiam Fairbaim, Esq., Manchester, Robsrt Stsfhenbon. 

Mr. Stephenson's letter ot the 26th of October refers to a 
report thcu in circulation, that Mr. Rendal had suggested the 
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idea of a wrouglit iron tube for carrying the railway across the 
Mtniai Straits. To tliis report Mr. Stcplieiisoii vury propcily 
gave a direct contradiction, uiid after such an assurance, the 
qaestibn, as to the origin of the idea, oould not for a moment 
be entertained. 

In the latter part of the some letter Mr. Stephenson states, 

that " this was not the first time I had the idea of employing 
wrought iron tubular bridges ; for three years ago, or there- 
abouts, I had erected at Ware, on the Northern and Eastern 
Railway, a oellulai platform of wrought iron ; ... it was in 
&ct I believe a oonnterpart of the proposed Fig. 39. 

top of the Britannia Bridge." Now as this 
statement has been frequently repeated, 
since the letter was written, I feel myself 
called upon to show that Mr. Stephenson 
has no claim to originality in this bridge, 
and that it has no resemblance whatever 
either in principle or construction to the 
Conway or Britannia tubes. On the con- 
trary, the bridge in question is constructed 
upon the priuciple of the common cast-iron 
girder bridge, each separate beam being 
formed of wrought-uron plates connected 
together by angle-irons, as shown in the annexed sketch. This 
furm of wrought-iron girder had been long in use beihre the 
erection of the Ware lintlge ; and it is det'eetive, as well in prm- 
ciple as in construction : the great body of the material is not 
in the top flanches, as it ought to be, in order to attain the sec- 
tion of greatest strength*. Besides, it is impossible to trace 
any analogy between a combination of this form of beam and a 

* In experimenti 14, 15 and IG (see Appendix and p. 40 k the Report), 
itia deaily diown that the top Handle of a vrongfatiron girder, if made aoUd, 
ahcmld be more than twice the area of the bottom llanche. Now it appeaza* 
from the above sketch, that the topflanche la to the bottom aa 4 : 15 neazly ; 

I 
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tubular girder with a rcUiiJar fop. 'J'lip beams in the Ware 
Bridge do not ofi'er u united resistauct; to strain, in the manner 
which beams with a cellular structure do ; on the contrary, each 
beam has its own distinct part of the load to cany, and that 
very imperfectly for want of a due pi o portion in the top and 
bottom flaiielies. An ininiense tube, iip\vard> i t a ! Iiousand tons 
in weiglii, Mispeuded in the air, and through which railway trams 
should pass, was a magnificent conception ; surely Mr. Stephen- 
son does injustice to his original idea» as well as to the spirit 
with which it was realised, when he couples it with so imperfect 
a structure. Wlule I freely award to Mr. Stephenson the honour 
of this conception, I claim for mysell" the credit of having ren- 
dered it practicable. 

My dear Sie, London, October 26th, 1846. 

3^ jjt 3|c 3|c 9^ 3^ ^ J^C ]§C 

I ft ar 1 am in a lair way of losinj; even a little credit for the intro- 
duction of tubular biidires, from what you say in your note in reference 
to Mr. llendel. I am really desirous of avoiding a controversy on this 
matter, but I perceive it will be inevitable if such uiuliciou^s aud selfish 
rumours are set atioat. Mr. Reudel had notbin<r to do whatever with the 
original idea: it was entirely my own. Mr. Kendel was called in to give 
evidence before a Parliamentary Committee, to support some statementa 
which I had made before the Committee, and which rather startled tbem^ 
but I then bad made up my mind on the subject. But this was not 
the first time 1 had the idea of employing wrought iron tiibuhir bridges; 
for three yean ago, or thereabouta, 1 had erected at Ware, on the 
Northern and Eaatem Bailway, a cdliihr platform of wrought iron 
where we were very much pinched for height; it was in fiMt I believe a 



an exceedingly defective structure. If this beam were turned upside down 
it would cany more tiian double the weight. From die ddeetive prindple 
upon which the bridge is constructed, it is evident that Mr. Stqihenson was 
not then acquainted with the proper form of wrou^t-iron girder bridges. 
Nor is this surprising, as no experimental facts were at that time in exist- 
ence to show the difPierence between the two resistiag forces of compression 
and extension of wrought-iron beams. 
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connterpart of the proposed top of the Britamiia Bridge. Fox, Hender- 
son and Company made the bridge, and I will get the dfswings raked 
out to ahow you. 

i am, dear Sir, yours faithfully, 
fVilliam Fairbaim, Etq. Robs&t Stephenson. 

In the followmg reply to Mr. Stephenson's lettty:, after rx- 
pressing my oonviction relative to his ckdm on the original idea 
of tubuhir bridges, I proceed to notice the long controverted 
question of bringing the top of the tube into a condition of 

tensile strain ; and other iiiipDrtaiit points coimccted with the 
designs for the bridge, such as,— Ihi* proportional ds jiths for 
the tubes at different points of tlu ir lengths, — the comparative 
eligibibty of the square and cylindrical cells, — and the means to 
be employed in order to prevent the tubes becoming twisted. 
The fears, however, entertained on this latter point are shown 
to be groundless, provided certain precautious of construction 
be adopted. 

Mt dear Sir, Manchester. October 27tb, 1846. 

I am much obliged by your letter of yesterday, and particularly for 
that part of it which relates to the origiml idea of the bridge. 1 was 
sure it waij yours in every respect ; but there is nothing new, or hkely 
to turn out valuable, })ut there iiumediately start up a hundred claim- 
ants. We are all suljji ct to thi.s species of mental encroachment; but 
in your ca.se every thmg is uow clear, aud no person can possibly catablish 
a prior claim. 

At all times, you may reat assured of my best efforts in supporting the 
claim, to which you are so justly entitled. 

I am glad to find, you are likely to be so soon down in this part of the 
eoontry. We shall require you here a whole day, and I will write to 
King, requesting him to send down drafts of the different contracts, in 
order that we may go over them togetherj previons to their being signed. 
We afaall further leqnire some discossion on the cellular top, and the 
camber necessary to be given to the Britannia tubes. At present they 
have 18 mches, which yon will not find too much, in such a great length 
of tobe and of mch great weight as that across the Straits. I could wish 

1% 
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the top, in its utmost defleetioii, at all times to be 6 inches sbo?e ibe 
horisontal line of preisuxe. I think the only diiferenee between iu is 
dinches: you require it levd with its own weight; and in order to meet 




you in this respect, I would submit that the depths of the tube be as 
above. 

On tlie above prinriple, the upper side at the piers miirht be brought 
into a state of tension, and the ultimate de])th of the tnbe probably re- 
duced to 30 instead of 31 leet. We shall however hiudly deci(k upon 
this, when we hn\e the pleasure of seeing you here. 

The eircular cells are no doubt preferable to the squares, but I doubt 
the ]Hropiiety of their application. The rectangles or squares may not 
be so strong, but thqr tve much easier of execution ; and, practically 
spealdng, they are infinitely preferable. Besides^ the rectangular cells, 
as ctmstructed in the model tube, are of the first order: ss yet, we have 
never been able to crash them ; and the great convenience of flat sfnight 
plates'with easy access to any part, ia a consideration we must <m no 
aooount lose sight of. 

I am not afiraid of anything like twist in the 
large tube, as the bending and riveting of the X 
iron to the top and bottom platforms will give 
every security in that respect. We shaU, how- 
ever, use every precaution by the introduction of 
temporary cross-irames, till the tubes are erected 
and in their places, thus, as at A : I think we 
shall not have much difiicalty about the pumps. 
Mr. Clarke and myself will have all ixady for vo\i 
when you come down. Let us hear whcu you 
can come, and if you can leave by the Express; eonie duect to the 
Polygon, where you will find everything prepared for your reception. 

I am, my dear Sir^ yours faithfully, 

Robert SUpkmton, E»q, Wiluak Faiebaikn. 



Fig. 41. 
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The succeeding letter refers to a subject whic li (Tcatcd gjeat 
anxiety in uiy mind, viz. the flexibile nntuic (jt the sides of the 
tubes in iniuiediate connectiou with the cast-iron framing which 
supports them. It would be uadess to mentioii the painful 
leflections, which this imagmory cause of failure produced ; it 
may suffice to observe, that a reconsideration of the experiments 
on the model tube eouipletely dissipated these fears. 

The remiiinder of the letter refers to the size aiui dmieiisions 
of the pontoons, which were subsequently enlarged according to 
my suggestion. 

Mt dear Sir, Manchester, November 18th, 1846. 

Tlie Colcbrook-dale peoj)k' liavp been over here, mid they want 20*. 
per tun more for the iron, in order to enable tiiein to make it of the 
best-best quality. This I objected to ; but tinally ag:reed to allow 5^. per 
ton upon it and the angle-iron, on condition that the whole was made of 
the very best quaJUhf, which they now agree to do. They will, however, 
lequire no increase of price for the angle-iron, provided they are allowed 
to send in a new tender for the T hon. To this I objected, and after 
some cavilliDg agreed as above. 

Now that we are doing away with part of the cast-iron frames £nr 
supporting the sides cf the tube at the piers, it will be absolutely neces- 
sary to attach a series of |-inch plates at every jomt, in order to stifien 
that part. I have drawn the plan out in foH, and will send yon a tracing 
as soon as Mr. Clarke retwiu. Evans will be here tomorroWi and I will 
arrange evnything with him, and send the whole of the particolars for 
year inspection, preparatory to the signing of his contract. 

I have been considering about the pontoons, and irom the heig^ <tf 
the tnbc^ and the great weight of the top, I should doubt whether it 
would be safe with the small barges. We must bear in mind that the 
centre of gravity is very high, and unless the vessels on which it is 
floated be 100 to 120 teet long, we may incur the risk of the whole 
being so exceedingly crank, as to endanger the safety of the tube. I 
must go carefully into the matter with Mr. Clarke, and report further on 
the subject. 

T should like to know your movements, and when you purpose 
going over to J^rancc. If you do not leave before Tuesday, 1 could 
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Spend Mondfty with you in JUmdon^ and as much of not week as you 

please. 

I am, my dear Sir, &itlifiilly yotin» 

Robert Sttphenson, Esq. William Iaikuaian. 

The repairs, consequent upon the experiments, on the model 
tube proceeded almost unmterruptedly from the commencement 
of these experiments to their doae ; and it was found, that every 
succeeding <'\periment exhibited higher powers of resistance and 
gave iiiipr()V(;d results. The question as t(> the tube laihiig from 
lateral pressure had been resimied; and, it was not until the 
present occasion, that an opportunity was found for putting this 
important inquiry to the test of experiment. The great elevation 
of the tubes of the Britannia Bridge, taken in connection with the 
severe gales to which they would be exposed, created great alarm 
in the minds of persons well -acquainted witli the locality. The 
damage done by the mnds, on more than one oeeasion, to Tel- 
ford's chain bridge, was also on record ; and taking all the circum- 
stances of position, height, &c. into consideration, a veiy natural 
conclusion was, that the safety of the bridge might be endangered. 

It must be borne in mind, that the parties who formed this 
opinion were not acquainted with the rigid nature of the struc- 
ture upon which we were experimenting; but reasoning from 
analogy, on more fragile structures, they concluded that the 
tubes, having such a large surface exposed, would bend to a 
severe gale of wind, which when blowing in sudden gusts, 
would give repeated impulses to the tubes, and that thus the 
lotrral uscillatu Jii:- might be multiplied, to such an extent, as to 
endanger the sal'ety of the bridge. It must be admitted that 
this reasoning claimed a carefid consideration. 

The fears thus created were not dispelled, until the experi- 
ments, referred to in the following letter, had been made. These 
experiments were most satisfiurtory ; and the fact of the model 
tube, when laid on its side, havuig supported 12 tons with u 
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deflectioB of onty 2^ inches in the middle» W&8 ft sufficient 
guarantee for the lateral strength of the large tubes, and the 

coiisc(iUL'iit safety of the bridge*. 

Aiiotiier security, o{)j)osed to the strength of the wind, is the 
enormous weight of the tube itself. The Conway tube (which 
weighs about 1300 tons), when tested upon temporary piers 
and left unsupported, was exposed to one of the severest gales 
of last winter ; and the oscillations produced on that occasion, 
although quite perceptible, did not exceed 1 inch. 

Dui'ing the progress of the experiments and investigation, it 
had often been stated, that the attempt to erect tubes of 460 feet 
span across the Menai Straits was chimerical, and that their own 
weight would prove the principal element of their destruction. 
To this doctrine I did not subscribe ; indeed, from later theore* 
tical in Mitigations, it appears that instead of 460 feet being the 
limit oi tlie span, 1700 feet are nearer the mark at which a tube 
would break with its own weight. This span is however greatly 
beyond practical limits, either as regards the power obtaining 
the material, or the cost of construction. 

Mr. Hodgkinson's reported experiments on the comparative 
strengtlis of square and circular tubes to resist a cmshing force, 
in the shape of pillars, again opened the question as to the 
admission of the latter into the top of tlie tubes. 

The circular cells are unquestionably superior in strength, 
but for practical reasons hereafter adduced, it was finally deter- 
mined to adhere to those of the rectangular form. 

Mt dbae Sia, MwidiMter, December 17th, 1646. 

Bfr. Clarice would put you in poueaaion of all the facts, cunnected with 
our last experiment ou the model tnhe. After anbjecting it for 18 hours 

to a straiu ul 58 Urns ou the midcUe, it was rehcved of the load imd i m ucti 
over on its side, when the dftlectioii with its own wei-rht \vaa> tuund to 
be 0-85 inch. In this position it was loaded with weights of about one 

* bee Experiments in the Apj[)cudix. 
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ton at a time, tall it attained a defleetion of inches nitli 12 tons. At 
this stage, it was deenoed expedient todiacontinne the experiments; and 
although I am satisfied it woold have eairied abont 21 tonsy it was never- 
theless desinble not to damsgie the tube, but to leaem it, with aU the 
parts nnimpaired, for the final experiment, whidi is now in progress. 

If we adhere to onr original cdculations of 50 lbs. on the sqnare foot 
for the lateral pressure of the wind, we shall find that the model tube, if 
used as a girder, would have to resist a force of 16,950 lbs. or 7\ tons. 
Now assuming the limit of fracture to be 20 tons (which I ha\e no doubt 
the tube would have carried), we shall then have a rt sistance equal to 
40 tons over the whole surface, which is about 0^ tunes fjreater than the 
forces to which it ever can, at any time, be subjected. If we extend this 
reasoning to one of tlie Britannia tubes, and a-aiu assuming: the lateral 
strength to be 750 tons at a depth of 30 feet m the middle, the resisting 
powers will then be 750—500 (half the weight of the tube) =250 tons 
in the middle, or 500 tons equally distributed over its surface. This is 
irrespective of its own weight ; and supposing the tube to be in its ver- 
tical position, the lateral power of resistance would then be half its own 
weight 500+ 500= 1000 tons, as an ants^nist force to the action of the 
wind. 

Again, comparing this force with the actnsl strength of the wind at 
50 lbs. to the square foot, we have an excess of strength in the ratio of 
1000 to 280, which I apprehend ia more than sufficient to rrader even 
the single tube secnre. I am aware, that mnch stress is laid upon the 
effect of pulsations produced by sadden gusts. All this must be guarded 
against by looking at the resisting powers of the modd, and the very 
limited defleetion produced by heavy weights. My mind is quite re- 
leased firom all fesra on this score, and indeed much more so than it waa 
on any former ocesaion. Viewing altogether tiie many conoborative 
facts that have been brought to bear upon this subject, and the import- 
ant results that have been obtained, it appears to me that we have the most 
couviucing and satisfactory proofs of the accuracy, as well as the import- 
ance, of the first and earliest conception of this structure. 

It is true that we have it asserted, and from uo mean authority, that 
we are verging upon the utmost limit to which a tubular bridi;e could 
be made ; but to this doctrine I do nut b.uljsc ribc, as T firmly believe that 
the present span of the Britannia Bridge may be doubled with our present 
means ; and even then we may be at some distance fi'ou the practical 
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limits, which in my opinion etn only he drcumBcribed by the difficult 
in procuring proper materia], and the enormous cost whidi a span <tf 
1000 feet would involve. I do not mention this for the purpose of en- 
larging the difficulties we are contending with, but nmply to show^ that 
a work of this kind could be eiecnted, provided it was found necessary 
and eqiedient to do so. 

Mr. Uodgldnson appears attemdy desiroua that we should snhstitnte 
the cylindricsl cdk in lieu of the rectangalar ones. Ynm his last et* 
perimcnts, it is found that cylindrical tubes will bear about 18 tons to 
tliL square inch before they become distorted or crushed ; whereas the 
squares will only support from 12 to 11 tons. This gives an excesa of 

4 tons j>er square inch in favour of the cylinder. 

Now it will be frej'h in your recollection, that our first idea of cells 
was that given in the enclosed sketch, which is traced from the drawings 
now in your possession. At the time I was convinced of the suj)eriority 
of this plan, which on mature consideration was abandoned, on account 
of the difficulty of construction, and the risk of deterioration in those 
parts that could not be approached. This was the reason for adhering 
to (what was considered at the time) a weaker form, in order to have an 
ea^ approach to every part of the tube, inside and out, for the purpose 
ni repairs, painting, &e. I have repeatedly impressed and enfcfoed these 
reasons upon Mr. Uodgkinson, but he insists it can be done, and to which 
I do most willingly subscribe, but under oonditiona similar to those men- 
tioned above. We shaU have again to go into the discussion of this part 
of the subject, and finally dedde which of the two is the more eligible to 
adopt. 

In the discussion it must he borne in ndndi that the model tube, in its 
present form, exhibits extraordinary powers of resistance. The cellular 
top has never yet been seriously injured; and instead of the ratio of 

5 to 3, as deduced ttom the experiments on the smaller tubes, we are 
likdy to have 12 to 10, or probably something approadiing equal areas. 
These increased powers even, according to Mr. Hodgldnson's experi- 
ments*, are not obtained from any superiority in the section of the cells 
experimented upon by him, but from tiicir combined action, and their 

* Or rather aooording to the experiments on the model tube, since 
Mr. Hodgkiuon's experiments were made upon tubes ^th single cells, or 
tubes having no connection witheadi oUier, ezceptang in one case, where two 
square cdls were united. 
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ocnmection with the adea of the tube, wliieh in ereiy cue retaina them 
in their proper position, and proper bearing to resist compression. In 
my opinion the top of the Brttuinia tabe is in excess; essuming that we 
give it no farther increase, nor alter its form in any way, it will force the 
bottom to tear through the whole section of solid plate before it can be 
crushed or distorted iu form. Notwithstauduiu iliesi; convictions, I am 
nevertheless open to the adoption of any other form of top that may be 
coiisiikTcd more advantageous, and I shall be most willinp: to return to 
my orijriTial idea of the cylindrical cells, in case they should be found 
better, and more eiigibk than those now shown npon the drawings. 

I am« my dear Sir, alwaya &ithfuUy yomrs, 
Robert Stephenten, Biq. William Faibbaibn. 

The following letter is simply corroborative of the former, in 
reference to tlie practical difficulties, which appeared unavoidable 
in the construction of the round tubular cells. 

My dear Sir, London, December 19th, 1846. 

The more I think of the circular ceUs, the more the practical difficul- 
ties increase. If you can see yonr way to riveting the rectangular cells 
effectually, I have no queation about their being the most eligible;, not* 
withstanding their comparative weakness. 

I have desxied Mr. Clarke to see you on Monday morning about the 
anrangement for setting Jfirans to work, for I am really moat uneasy about 
the time, which is passing away, without some decided progre^ being 
made. I fear, unless you see him personally, snd get a specific oonrse for 
proceeding laid down, he will get so for behind, that much embarrassment 
between us and the Directors and Shareh(dder8 will he the consequence. 

I have today discussed several points with Mr. Clarke, and he will be 
prepared to talk to you. The calculations contained in your letter of 
today coincide almost identically witli those which I myself made at 
Millwall the otlu r day, and appear to leave the question of pressure from 
the vnnd in a tolerably satisfactory position. I would OTily now call your 
particular attention to the riveting, upon which your judgment uiubt be 
our principal guide. 

Yours faithfully, 

WUliam Fairbaim, Etq., EngtMer, Eobbbt Stsphbn80N. 

Manehetier* 
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It will be seen, that every succeeding experiment sufficiently 
demonstrated the great powers of resistance pnseiited In- the 
square cells. The following letter still further exemplitk s the 
inoonvemence which would attend the introduction of the cir- 
cular ones. These facta and statements had their due weight 
with Mr. Stephenson, and hence the rectangular form of the cells 
was finally adopted, in preference to those of the circular kind. 

Aflter giving the rcsidts of the experiments on the model 
tube, 1 proceed to calculate the strength of the large tube, from 
the data derived from these experiments. The result of this 
calculation was highly satisfactory, and inspired confidence in 
the strength of this form of tube. The details of these experi- 
ments are given at the close of the letter. 

Mt dear Sir, Manchester, December 20th, 1846. 

Since my last letter on the subject of the tubes, I have come to the 
eonduaioo, that we cannot practically alter the form of the top, without 
incurring a risk of evils greater than the benefita derivable from the 
eylindrical cells. I am quite aware of the advantages belonging to the 




ceUSf bat the impediments, which 
all along have deterred their application^ ia 
the difficulty which preaents itself in ren- 
dering all the parts of the tube acceaaible. 
Yon win eaafly recall to recollection the 
power, with which you dwelt upon this 
drcomstance uul^ two months ago; and 
which caused me (in deference to your 
superior judgment,) to give ttp the 
strongest form, as at A, for the one now 
sul)iiiitte(lj as at U. There cannot be a 
doubt as to the superior resisting powers of 
the fonuer, LouipareJ vvitii the latter; but 
in order to attain the maximum strength 
of the eylindrical cells, we must unite them 
by a top anil bottom plate, and also rivet them to each other through- 
out the whole length of the tube. This must be done, in order to attain 
the greatest possible resistance, and to ensure their acting in combina* 
tioQ, to give support to the whole, and to each other. They would re- 
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quire thiB miily of action, under emy oonditicm of the weight of die tube 
and it« k»d* It is true, Mr. Hodgkuuon luw diown what was already 

known to both ; namely, the superior 8tren|2:th of the cyhndrical cell ; 
and further, he has also shown wherein that strength consists ; but he 
has not shown how it can be apj)he(l in this case, without incurring evils, 
probably in^ter than those they are intended to cure. If I am right 
in the arran<;enients proposed on this and former occasions, it is evident 
that the intersectious between the connexion of the diffr-rcTit tubes r»nMot 
be got at, whether for the purpose of cleansing, painting or repairs. 
This appears to me, as it did to you in the tirst instance of their sugges- 
tion, an insurmountable barrier to their introduction^ and an equally 
forcible argument in favour of the rectangular cells, as now suggested, 
and partiaUy approved of. I am however still open to conviction on this 
matter, eitlier from yourself, Mr. Hodgkinaon, or Mr. Clarke, provided 
any better form of cell can be found, so as to meet all the reqoirem^ta 
neceaaary for enauring the length and dnerabUity of the tabe. I am the 
laat man to oppose its introduction. 

For the present, however, I see none so well calculated for these objeeta 
as the xectangolar form, and I believe the expcaimentB at Millwall foUy 
ooofirm the secority, aa well aa the dniability and great practical con- 
vraienoe, of this principle of eonatnictioii. 

The ezpariments, made at MiUwaH on the model tube, are probaUy 
the moat valuable and most conduaive of the whole series ; and provided 
we are assured, that the tubes for the Britannia and Conway Bridges 
follow the same law, aa regards their powers of resistance to a tensile 
strain, the inference would be, in reasoning from the one to the other, 
that the large tubes, as now hiid down, are amply suflicicnt to resist not 
only liicir own weights, and the heaviest loads that can be placed upon 
them, but also the external force of the wind under whatever conditions 
it may act upon them. 

If we revert to the last experiment but one (October Kkh), it will be 
found, that the plates which composed the bottom of the tube were of 
inferior (piality, and consequently they gave way by tearing asunder with 
a weight of GG tons*. Since that time, the bottom has been increased by 
a superior rpiality of new plates, raising the sectional area <rf that part 
from 1 7*8 to 22*4 inches. These plates have however only been extended 
to a distance of 21 feet on each side of the centre ; and, oonaeqaently. 

Sec cjcperimentii in the Appendix. 
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horn tbat point to the end of the tube, the bottom has vndeigoiie no 
eliuige> but coatmned with the original platet of 8*8 inches aies. 

It ia to he i^gietted that one of them had not ezletided a few feet 
farther, aa it would ha?e equalised the bottom, and eonaiderably in- 
ereaaed the hearing powera of the tahe; had thia been done, instead of 
hreakiug with 69 tons, it ia more than probable that 80 tone would h«?e 
been the nearest approach to its maiimnm strength. But be thia aa it 
may, I should consider myself safe, in estimating thehreaking weight of 
a well-proportioned tube of this description at 75 tons ; and taking into 
consideration the sanit straiu already sustained at this point of the tube, 
and its tortured condition in other respects, I am clearly of opinion that 
75 tons is rather within than beyond its bearing powers. 

As-suining li( i\v( vcr 75 tons to bv tlie ultimate strength, we should then 
have for tlip Bntaunia tube (as the cubes and squares of the strengths 
and weigiits respectively), a tube weighing 1200 tons, and canying 
2570 tons in the middle, incUisive qf its own weight*, 

* Here we have, from eqnatioiiB (5.) and (7.), p. 104« 

W,=5.W (1.) 

md (3) 

From equation (2.), we have 

sohetitnting in equation (1.)* we find 

W,=^^)^ . W (3.) 

wbidi 18 the formula enunciated in the letter. 
Let ws6, W=75. and 1200, then we have by equation (3.)t 

W,= 1 1^ j ^ X 75=2570 tons nearly. 

Adopting Uie notation of the lormulv given in page 104, equation (3.) becomea 

.•. L,=^^^* . (L+fP)~w, . . . (4.) 
Another expression for the breaking load is given in equation (8.)* p. 105. 
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In the ezperimeat of Wednesdiy last, tlieie is sniBdeiit efidenoe to 
■howi that the weekert portion of the tube was at the point where the 
new platea tenninated ; and that the caiue of 6actoie did not atiae fiwn 
ike weakneaa the ndtt at vmit o/r^fidiiff w the eeUuht t€p, bat from 
defective proportiona in the material in that part calculated to reaiat 
tenabn. 

These views an sufficiently apparent from the ftct, that the aidea and 
eellalar top (which from the commencement have never been varied 
in the thickness of the plates) have sostained no injury, excepting from 
the weakness of the bottom, which in every case of rupture injured 
both. 

It will further be observed, that the sides and top were of equal strengrth 
and thickness throughout ; cousequently they had to sustaiu a much 
greater straiti in the middle, than at the part where the fraetuic tt^ok 
place, clearly &liowin^ that the sides aiui lop are tlie strongest parts of 
the tube. Another cireumstanee eorroborative of this fact is, that the 
tube i^ve way wills a detlrcliou only of 3-81 mehes; whereas iu some of 
the former experiments, the deflection attained was as much a« 5^ inches 
before fracture occurred. Now, if the sides and top had been the weaker 
portion of the stractorei they must of necessity have been the first to 
give way ; but such was not the case in any one of the series ; and hence 
will follow the inference that the relative proportiona ti the tap, bottom 
and sides, as given in the last experiment (if properly proportioned), 
would be the nearest approach to the section of greatest strength. 

The details of the last experiment are below, which you will oblige me 
1^ giving to Mr. Clarke. 

Meanwhile, I am, my dear Sir, faithfully yours, 

Bobert St^hemon, £sq. Wiu^iam Faiabaien. 



Experiments, December l-iM, 1846. 



No. of 
crperi- 
menu. 



1 

2 
3 
4 
5 
6 
7 
8 



Weight in 
polioda. 



2.240 
11,568 
20,169 
32,133 
54.185 
79,548 
105,883 
135.255 



Deflection 
in inches. 



0- 00 

1- 70 
1-31 

1- 91 

2- 38 

2-96 
317 



Weight left siispciidcd from the 14th to Wednesday the 
23rd, when the deflection had incKiMd from 3*17 to 3-22. 
Permaaeut set 0*05 i 
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BgpmmeHU {eoniimud), Jkeember ftSri* 



No. of 
esperi- 
menU. 


Weight in 
pound*. 






9 
10 

u 

12 
IS 


139,567 
144,352 
147,684 
151.772 
154,462 


S*48 

3-70 
3-81 


Broke ftt a distance of 21 feet 4 iiusliet from the sbedde 
tearing acroas the bottom. 

Ari'a i f torn at the fracture 8-R inches. The weight 
154,452 wju suspended for aboot three miuute* before the tube 
gnrewaj. 



The following communicatioii, which refers almost exclusively 
to the nature of the material and the mann&ctnring of the 
plates, shows the preparatkms that were making for the con- 
stroction of the tubes. 



Mt dear Szk, Manchester, December 26th, 1846. 

On aepamtiog firom you at the Wolverhampton Station on Monday 
laatf I pfoceeded diKCt to Thomeyeroft and Walter WilliamB. In the 
works of the foimery I found all the E plates for the bottom of the Con- 
way tabes rolled, and a good job. 

At Walter WilUama', 800 tons ofpktes (for the sides of the Convay) 
were ready for delivery, and also well-shesred, snd in other respeets sonnd 
and good. The Bradlqr Company (Folter and Co.) rolled some sngle< 
iron, but have ss yet done nothing at the plates ; but Burrows and Co. 
can deliver 40 or 50 tons of angle-iron in the first week of January, and 
Thorneycroft will have some of tiie X ™^ ready about the asme time. 
The Colebrook-dale Company have rolled abont 10 tons of plates, but 
they are badly sheared, and I am now writing to thcni to dcvutc more 
attention to that part of tlic manufacture, I am also m'giiig despatch 
with the Butterley Coni])any, and hope to have abundance of material 
for the construction, snoii as they are ready to receive it. 

Asresjjects the makers of the tube, I have seen them all thia week, ex- 
cept Horton, and I am now able to report as follows : — 

Ist. That Evans states he will be ready to conmience with the bottom 
of the tube by the middle of next mouth. His workshops and steam* 
mgines are nearly completed ; and the platform for supporting the tube, 
and on wliieh it is to be constructed, is in progress, and will be finished 
about the loth of January. By the bye I will send you a tracing of this 
platform and the pontoons in a few days. 

2nd. Messrs. Mare and Ditchbum will commence punching on the 
18th or 14th of the ensuing month, and after their first deUveiy, (which 
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wiU be aboat the beginnbg of May)> they wiU deliver about 100 tom a 
week. Sboidd thetw terms be oorrect^ we miuft not lose miM^ 

the platforms at the Straits. 

3rd. (iarforths sav that they will be ready fur thin plates in about 
three weeks, but frum what I can see of their operations, I fear it will be 
double that time. I shall, however, attend to them. 

Lastly. Horton is in the same state. 

Such IS the present rate of progress, and such are the prospects we 
have before us ; and, provid<'d you consider it necessary, I will draw up 
a concise report to the above effect, and lay it before the Directors at 
their next meeting. Or, in case you should be present, your verbal 
statement may probably be sufficient. 

I shall be in Ireland for a few days the week after next, till then I am 
at home, and will be glad to bear from you. Meanwhile, 

I am, my dear Sir, ahra^ laithfiiUy youn, 

Robert Stephenson, Etq* William Fairbaikn. 

The increasing expenses consequent upon the experiments 
Btill in progress both at MiUwall and Manchester, gave consider- 
able uneasiness to the Directors ; and moreover a joint contract, 

which had been entered into by my son, as representative of 
the firm of Messrs. Fnirbnim and Sons, ^1 ill wall, with Messi!?. 
Ditchbum and Mare of Blackwall, for constructing the greater 
part of the tubes for the Britannia Bridge, was looked upon 
with suspicion by the Board. Although interested as a partner, 
I had not personally interfered in the matter, and T was even 
unacquainted with the terms of aj^rcciiuiit bctuiu n the two 
firms; but when the feelings which were entertained by the 
Directors were made known to me, and as it appeared difficult 
for me, in consequence of the partnership, to maintain a per- 
fectly independent position, I urged a transfer of the whole 
contract into the hands of Messrs. Ditchbum and Mare : this 
transfer was afterwai ds satisfactorily arranged by my son and 
Mr. Marc, and approved of hy the Company. 

In the following letter, dated January 15th, 1847, scmie 
explanations are entered into relative to the nature of those ex- 
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penseB, showing that the money expended, instead of being a 
loss, wonld ultimately prove a source of economy, infinitely more 
important than any saving which could l)c ejected hy a limita- 
tion of the experiments. The succeeding parts of the letter 
treat of the greatest extent of span to which a tubular bridge 
could be earned, before it would break with its own weight. 

Mt dsab Sib, MandiMter, Janiiuy 15tit, 1647. 

In the great ondertaking in which we are engaged, I have been acta« 
atcd from the commencement, with a disire to attain the objects in view 
in -d iiuiimer the most efficient, uud at the least posisible expeui$e to the 
Cunipauy. 

If the "cuttincT remarks" made by the Finance Coniniittee and the 
Board of Directors apply personally to niyselt', and to the validity of the 
charges T have made for the experinn ut >, I should have no alternative 
but to demand a searchinp: inqiury mto the whole of the accounts, and 
an entire cessation of all further experimeutmg on their account. I 
should further insist up<m bdng entirely relieved from any description, of 
oontract, that I may leave myself perfectly firee from all suspicion as to 
my position with the Company. 

On the other hand, should the observations made by the Board apply 
to die espenses generally as incoired by the aqwriments, 1 should thm 
think it desirable to pnt a stop to the whole, and to give Mr. Hodgkin- 
son notice to that effect. I am fiv from depreciating the value of 
Ifir. Hodgkinson's experiments; I have no doubt they are valuable; but 
they are so closely kept^ that I am quite unable to form any opinion, 
howfStf they bear upon the question of the tubular bridge. But be that 
as it may, I shall obtain great relief as soon as these experiments are 
brought to a doee. 

On the probable time when Mr. Hodgkinson will fimsh, I am unable 
to obtain from him anything definite. You must therefore write to him, 
and let jue know what is to be done. If this is not done, it will be im- 
possible for me to keep six or seven men (exclusive of bdiler-makers, &c.) 
constantly employed, unlciis their time is charged to some person or 
other. 

I have written in reply to a letter from Mr. Kinir on {hi> subject, and 
1 did not hesitate in stating, that the Directors were little aware of the 

K 



Digitized by Google 



130 



HAXIHUM SPAN OF A TUBULAR BBID6B. 



trouble and ezpenie incitrred in tbe proBeeatum of these ezpeEimeiitg. 
To me, SB a matter of tmameas, they are no aonroe of profit^ Imt quite the 
revene ; and provided the Directors take a just view of the questimi, they 
vill find that these very experiments^ so much condemned for their 
pense, have saved two or three hundred times the amount. I do think, if 
we are to be chained with an apparently expensive outlay in this inquiry, 
they should also take into account the benefits they will ultimately derive 
from it, in the saving of chains and other n(lvantair«'s, which these experi- 
ments have developed. On tlie whole 1 am quite wilHnsr to stop, as I 
think the expeiiineiits have nearly pone as far as nmy he et>u>i(!ered 
necessary ; and w hat imn v is to be done 1 will do at my own cxpeuse, 
and Hj;ain repair the Millwall tube. 

Mr. Clarke has just arrived from Conway, where he left Evans 
making good and satisfiictors' proerrcss. 1 am going over to stop some 
days with him, as soon as the plates arrive, and to pre him a fair start* 
Mr. Clarke promises to write to you and tell you all about it. 

I have been calculating the theoretical extent to which a tube of the 
description we are making could be carried, before it would break with 
its own weight ; and I find from data deduced from the model tub^ that 
the limit u about twenty-fbur times the dimensions, or a span equal to 
1800 &et nearty. I do not mean to say lihsA we could find material, or 
that it is practical to build sndi a tube ; hut I am persuaded, in case we 
are successful with the Britannia and Conway, that « bridge 1000 feet 
span might be made*. 

I however leave these gigantic structures to our successors, being eon> 



* Here soaking L,=0 in equatbn (8.)* p. 105, we have 

.-. 1,^1 (L^w) (1.) 

w 

5" 15 

Taking /=75, L=56s=56'3, and wss-— , according to the e]q>erimeatal 
data of p. 109, we have 

h^^^ (56-3+2-575)=1710 feet, 

wliich is the length at which the tube would break with its own weight. 
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•ciolu, ao ftr w respects our present unclfrtalriTi|^ that we an very con- 
aidcnbly vitbin the limita ol deatniction. 
SkaD we liave the pleasure of your company, if only for one day T 

I am, my dear Sir» faithfully yours^ 

Behai St^pkamn, Etq. Wiiliam Faibbaibn. 

The following letter from Mr. Stephenson has reference, almost 
entirely, to the observations made in Committee about the ex* 

pensive nature, &c. oi Ihc experiments. 

Mt dbab Sib, No date. 

The remarks made by the Finance Committee were intended to ajjpIy 
to me ]\i&t much as to auy one else, and Lu loukiug intu the aeeouuts, 
I did not feel prepared to state that all the charges were reasonable, 
becauHc I had uever seen them ; indeed I did not know that they had 
been delivered. 

You are quite mistaken when you talk of suspicion ; nothing ot the 
kind exists; therefore don't make yourself uneasy by imagining that 
there is. The real cause of the remarks arose from our having stated in 
Uie first instance, that the experiments we proposed to make would cost 
under iSdOOO, whereas now they appear likely to exceed j£6000. 

I have received Mr. Clarke's report of the progress made by Evans, 
which I think is satisfactory ; but yon most look him up about the time 
he eommencea rivetingi aa much will depend upon the system he adopts^ 
and I hope this will have your especial atteotum and judgment. 

If I oonld hare left London this evening, I would have had modi 
pleasure in spending tomorrow with you and my fother, who I hope is 
now with you. I ahall most probably write to Mr. Hodgldnson tomonow 
to put an end to any new experiments, for I am satisfied we cannot now 
give much more essentially usefid information. 

Yours sincerely, 

WUUam Fairbaim, Mtq^ Mamcbeater* Bobebt Stbphbnson. 

The ultimate strength of the tubes had always formed a sub- 
ject of discussion. Mr. Hodgkinson entertained fears relative 
to the safety of the bridge, and great pains were taken, from 
time to time, to reconcile him to the form of cells that had 

K 2 
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been decided upon for both bridges. Finding new elements of 
resistance in the anjj^le-iron wliicli connects the square cells, he 
gradually but reluctantly came over to our views, aud uo lougcr 
objected to this construction. It was a source of considerable 
aatia&ction, when that gentleman began to adopt more favour* 
able views of the structure. 

The mode of supporting the extreme ends of the tubes, in 
order to admit of their cxpiiiisKin nnd contraction, had been 
often discussed ; and the arrangement of bed-plates and rollers 
below, with bullets rolling in troughs above, was finally de- 
termined upon and carried into execution, as shown in the 
drawings. 

My DBAE Sib, Mancheiter, Jmnuary 84tli» 1847. 

I am in receipt of Mr. Cbrice's note of yesterday^ and am gbd to find 
that a model ia preparing of the rollers and other i^paratns, connected 
with the Bupport and expansive action of the tubes. I should be glad to 

spend a few days with you, to consult and finally determine upon this sub- 
ject, as also upon the raising apparatus, as soon as you are ixinly for me. 

In the interval, I hope to spend a li \v days at Cunway with Mr. Ross 
and Mr. Evans, iiiul to have the satisfaction of reporting a cmnnicncc- 
ment of the construction uf the tubes. I shall also spend one or more 
days with Mr. Foster at the Straits, and endeavour to expedite aud con- 
solidate onr operations in every departuient. 

1 am also happy to mtbnn you, that my old friend Mr. iiodgkinsou is 
gradually coming round to our views with regard to the stability of the 
cellular top. He brought up a whole string of calculations for my 
perusal and consideration on Friday. My limited knowledge of mathe- 
matica would not admit of me following him into the more abstruae part 
of his oomputation ; but I discovered sufficient to show, that he was recon- 
ciled to the rectangular shape, as he found the angle*iron in each comer 
gave great resistance to a crushing force, and in many respects rendered 
it an appranmate, if not nearly equal to the cylindrical forma. The (act 
n, he appeara to have overlooked the quadruple strength and action of 
the angle-iron, as per anneied sketchj which forma almost the principal 
element of the strength of the eell. 

Altogether I however think, that Mr. Hodgkinson will come to the 
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eoncliuiiMi, that we run no liak in adopting the present system of the 
eeUnlar top. 

In addition to his iiltered views, I find that hia computations as to 
the strength of the Conway tube arc not widely different from my own, 
iiauicly, 8 tons on the square inch, which gives a itsisting power equal 
to nearly 1000 tons, exclusive of its own weight ; this is however not ftJly 
determined, but it will be so in a few days, wIk n, 1 have no doubt, the 
whole of the caleulations will be laid before you. I am myself working 
at it by a less abstruse and more simple process, and I shall be very 
glad, when we compare notes^ to find them agree, or at least appnndmate 
doaely to each other. 

I shall be most happy to render whatever assistance I can, in refercnoe 
to the mode of erecting and niaing the tubes. There aie leveral points 

Fig. 48. 




w hich appear to me to require consideration, and as soon as you are suf- 
hciently advanced with the model*, you may conunand. 

My dear Sir, yoora faithfidly, 

Robert Siqthenton, Etq. Wiluak Faibbaibn. 

Mr, Hodgkinson's computations, relative to the resisting 
powers of the Conway tube, 4g)pare»tiy differed considerably 
from mine. The following letter contains an attempt to recon- 

* The model here referred to was not made, but drawings of the whole of 
the machinery connected with the raising aj)pHratii.-», bed plates, rollers, &c., 
were prcinired ut Maiiche!>ter, uud a model one twenty-fourth of the full size 
was constructed from these drawings. 
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cUe these dift'erences, aiul to give confidence, not only in the 
accuracy of the experiments, but also in the caleulatioiis derived 
from them. Professor Airy, the Astronomer Royal, in a letter 
addressed to Mr. Stephenson, had given it as his opinion, that 
the strength of wnnight-iron tabes varies as the square of the 
length, and the weight as the cnbe of the length. Taking 
these data, and assuming a large tube (such as that across the 
Menai Straits,) to be an exact proportional of the tube cxjx ri- 
mented upon at Mill wall, I proceed to calculate the breaking 
weight of this tube, and find that the result exactly coincides 
with that obtained by the formula, which I had before used. 

My dear Sir, Manchester, February 2nd, 1847. 

I am now must auxiotu to have all the proportions of the tube finally 
settled, as I find we have some difficulty in procuring the plates from the 
makers in time. I huvc ordered omsiderablc quantities from each makCTj 
hot, with the exoeptioa of Thorneycroft, I do not find one of them pre- 
pared to undertake the rolling of the large plates; indeed ao difficult do 
they find them in both rolling and ahearing, with the maduneiy they 
poaaeaa, that I moch ftar their opentuma will be dower and more tardy 
than we eipected. 

I however expect to find them better prepared in a wttk or ten days; 
but at preaenty none of fhem have been able to deliver a single plate of 
the large aiie (finr the bottom) except Thomeycroft ; and those have gone 



to Evana. I expect he will aend a quantity to London thia week ; bnt he 
cannot poasibly do them all, and every means possible is adopted to urge 
the others forward. The greater portion of the pktes for all the tubes 
are ordered, except the variable plates for the sides of the Britannia tubes. 
I have determined, with your approval, to adopt the t'oll()\viii<; form and 
dimensions, the cunaturc of the top being nearly a parabola a^s above. 
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Our deeinon on these points would enable us to order the whde of 
the variable plates, and eomplete the sides. The top, as a matter of 
oouraOj will stand over till we meet in LondoD, whieh I hope will be on 
the 10th instsnty when I propose to be in town, and to stop with you till 
everything is settled. 

"^'ou will pardon mc for troubling? you with so many letters, wliich 
you liavu probably little time to read, and leas time to answer. It is, 
however, necessary that I should iuibrm you, that I iiavc had another 
interview and discussion with Mr. Hodgkinsou on the. streu^h and re- 
sisting powers of the Conway tube ; and although we are not so far 
separated in oui- ideas as to form and streng;th as wc were before, wc are 
still not so closely allied in our computations, as to ensure perfect agree- 
ment. It is true, 1 have not gone into such a laborious and abstruse 
calculatioD as Mr. Hodgkinson, nor is it in my power to do so. I am, 
however, snfiBdeDtly acquainted with practical mathematics to compute 
the resisting power of these tubes; and resting the basis of my calcula- 
tions entirely iqion the experimentd &ets as deduced from the model 
tube at MillwsU, I am strongly indined to think they are not hr from 
the truth. I wiD however briefly compare them for considerBtion, and 
at some leisure hour you can run them over, and give me your opinion. 

It appesrs, tnm data fnmished by Mr. Hodgkinson, that the Conway 
tube, whieh is 400 feet spsn, and 27 leet deep, with plates of the thick* 
ness as given in the drawings, has a strength, including its own weight 
(the plates being considered continuous, and without joints), of 12 tons 
on the square inch =1485 tons; and the deflection with the same strain 
{V2 tuns per square inch) is = 13'97 inches, Now, Mr. Hodgkinson allows 
ouc-tbird for the joints and rivets, wliich reduces its hearing powers 
to 990 tons; and taking from this again one-half the weight of tht- tube, 
it leaves for the actnal strength 990 - 450 = 5 4X) tons, or lOHO, say 1100 
tons, equally distributed over the surface of the tube. Assuming the 
above 1100 tons to be the maximum strength, wc shall next have to con- 
sider the strain to which, under the most unfavourable circumstances, it 
may be subject. Supposing therefore that the rails and roadway be equal 
to 100 tons, a train with locomotives and tenders, &c. 360 tons, we have 
a total load of 4C0 tons ; leanng for resistance to the vibrating action 
of the strain 640 tons. This, although perfectly secure, is rather too 
fine for actual practice. The above constitutes tiie powers of the Con- 
way tube, as arrived at by Mr. Hodgkinson. They are however taken 
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at a strain of 11^ tone to the square indi; but I bdieve tliia is not the 
breaking weight, as I thinh that Mr. Hodgkinaon, in his recent experi- 
ments on single and nnoovered tubes, gave to the crashing force 14, and 

in eujue cases 16 tons to the square inch. Taking it however at 14 tons, 
it is certainly nut too much to infer, that, in thv. combined cellular top, 
16 tons would be a fair pressure for the maxinuim of strcnp:tb. Should 
this be tlie tact, then Mr. Hodgkioson's theory and calculations come up 
to my own, or nearly 

T now take my own method of coiiiputation and that of Professor 
Airy, and sec bow far they agree with liiat of Mr. Hodffkinson. In 
the discussion of this question, 1 will take the weight of the model tube at 
6 tonSf the distance between the supports at 75 feet, the depth 4 feet 
6 inches, and the breaking weight of the tube at 60 tons. 

Now assuming, according to Airy, that the strength will be as the 
aqoares, and the weight (of any tube being an exact proportional) as the 
cubes ; and taking the Conway tube at 400 feet span, or 5*98 times the 

. siie of the model in every respect, we have 5*83' x 60 ss 1704 tons as the 
strength, including the weight of the tube, and for the weight we shall 

. have 5'8a^x6s906 tans. Henoe 1704-458=1251 tons, the actual 
ttrengdi of die tube exdnsive of its own weight*. 

Now comparing this with Bfr. Hodgldnaon's caknlations, we shaU 
have more than double the strength, or as 550 to 1251, which is equiva- 
lent to an equal distribution of 2502 tons over the surfiioeof the platform 
of the tube, more than five timea the weight it will ever be called upon 
to sustain. 

In this stage of the inqmr) , I must, however, do Mr, Hodgkinson the 
justice to say, that we do not differ so widdy as might at first appear^ 

ance be supposed. In the first place, Mr. Hodgkinson takes the strain 

per square inch at 12 tuns, whereas, according to his own sbowinjr, it will 
sustain a pressure of 14 tons. This will raise ii> blaring; powt iH to 
upwards of 1730 tons; and then he allows one-third for the jomts, while 



» Here.byequatioo(8.),p. 105, /=75, /=4U0. w=^=3. L=60-3=57i 
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in hti, by oar new principle of nveting^ we ahall only loie alioat one- 

Taking therefore Vtt. Hodgkinson's computation at the maximam^ or 

1730 tons, minus half the weight of the tube, and one-seventh for tbc 
jointed platis, we have for the actual strength in the middle 1009, 
which is much nearer the mark, and it gives a larger margin for security 
under eveiy condition and circumstance in which the Conway tubes can 
be placed. 

Faithfully yours, 

Robert SUpientfm, JBtq, William Paibbaien. 

P.S. In consequence of Mr. Clarke's arrival, and hearing that you 
intend to visit Bangor about the I2th or 13th, I have sent J. M'Larenj 
the person I have appointed as the inspector of the tubes to Mr. Evans 
at Conway, to amnge all the tools, and start the pundung of the plates 
and angle-iron. He will write to me from Conway tomonow, and if 
necessary, I will ran over on Saturday, and return direct to London, in 
order to join yon at the meetiiig of the Board on Wednesday the 10th. 
If I do not go to Conway till next week, I will go to the Bntterley Works 
on Monday on my way to town. 

After the commencement of the experiments on the model 
tube, Mr. Clarke was a constant attendant. He recorded every 
transaction, and reported regularly to Mr. Stephenson every- 
thing that was done. In all respects he became a most intelligent 
and valuable assistant ; his mutiieuiatical attainments, and the 
aptitude with which he took up almost every practical detail, 
soon made bim well-aoqnainted with the subject ; moreoTer, 
having his time at command, and the whole energies of his mind 
concentrated on one object, he attained a degree of expertness 
highly creditable to the talents of a gentleman whose previous 
knowledge of practical mechanics was not extensive. 

Mt dbab Sir, ^ George Street, February 5th» 1847. 

I have to apologise for not retnnung to Cans] Street, but Mr. Hodg^ 
kinson detained me till the last moment, going through an enormous 
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mawof z's andy*!; and, erai thfin, I ww obliged to oooie swmy nithout 
any copy o£ hu investigatioii, <»i acooant of aome little ehrieal oron we 
detected. He howeYer pfomiiea to aend me a copy, and I will coademe 
tlie matter and lepatt to yon on the reanlta of it aO. I told him to dia- 

continue the experiments at once, until I inquired of Mr. Stephenson as 

to his tiuishiDg the 2nd or 3rd experiiiR'Hts he has bci;;uii. lie wants 
another month. I find Mr. Stephenson still absent, but I believe he is 
expected Luuiun ow. I underst-and, moreover, he intends to del a) lus 
visit to Walea. It will lie well to remove the things from the yard where 
the experiments were made, to be ready for giving it up. 

Believe me, dear Sir, youra vevy fiuthfiiUy, 

WUStm FMamif Esq, E. Clabkk. 

A aeries of experimento, made about this time by Mr. Hodg* 
kinson on the resisting powers of tubes to compression, gave 

favourable imprcssiuns a?; to th(; ftpplicaliou of cast-iron on the 
top of the tubes for tlie Britannia and Conway Bridges. This 
application I strongly opposed, for reasons assigned in the fol- 
lowing letter. 

For some time previous to this communication, the pro- 
perties, strengths and ])roportions of both bridges had been 

cuit't'ully cAulated and detennined upon. The top uuh two 
rows of cells prrsmti d inmu nsc powers of resistance ; but con- 
siderable practical dilticulties had to be encountered in tlie con- 
struction. At the same time, the increased strength exhibited in 
the single cells, during the successive and repeated experiments 
upon the model tube, was of such a character as to lead to the 
a(loj)iioH of a similar fonu in thv construction of the large tuhv. 
The application of these facts was readily detirniincd upon ou 
account of the difficulties already mentioned ; and the single row 
of cells was unanimously approved of, as equally effective, and 
infinitely more simple of construction. At the same time the 
strength of the bottom plates was increased, until the ratio of 
the bottom section to the top became as 500 to 505, or as 1 
to 1 13. 
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My dear SlEj Manchester, February 27th, 1847. 

Havilig come to a decision, I am exceedingly unwilling to make any 
change ; and nothing should induce me to do so but a conviction that it 
IB for the better. You will be in possession of a letter from Mr. Uodg- 
Idnsoii, detailing the lesolts of his last ezpeiimentSy wherein much stress 
Is laid upon the use of cast, in combination with wrought, iron to resist 
oomptesaion on die top of the Conway and Bzitaimia tnhea. Now with- 
out disputing the aocuracy of these e^erimentsy or the ooiieliiaions at 
whidi Mr. Hodgkinson has arrived, I would submit, ihst, so far as I am 
a judge, they are not sueh as would induce me to substitute the one ma- 
terial for the other. On the contrary, I un more convinced than ever, 
that the oellnlar top composed of rolled plate-iron is infinitely superior, 
and better calculated to resist compressioii, dian any form of cast-iron 
that can be introduced ; that is, die weight being the same, and the 
security of the structure being a desideratum in every case. I have 
come to this conclusion, not from any partiality to my own opinions, but 
from a conviction that cast-irou is neither applicable nor so well calcu- 
lated for the construction of large tubes as wrought-irou, and that for 
the foilowmg reasons : — 

1st. Because cast-iron is inferior to wrought-irou in particular j)osi- 
tions, as already shown by !Mr. Hodgkinson, in re&isting a compressive 
force up to 14 tons upon the square inch. 

2ndly. As a compressive stram of 14 tons upon the square inch cannot 
at any time be laid upon the top of the Conway or Britannia tubes, the 
use of wrought-irou must be preferable to that of cast-iron. 

Lastly. Cast-iron, from its brittlenesa and crystalline texture, is not so 
safe, nor yet so well adapted for the cons^ction of laige tubes, practi- 
cally considered ; nor is it advisable theoretically, if wrought-iron be supe- 
rior in its powers of resistance (up to 14 tons) to a crudiing force. 

Besides, I cannot consider the experimente, recendy made by Mr. Hodg- 
kinson, as at all applicable either to the form or the construction of the 
tubes. Th^ are too much of an abstract character ; and although they 
appear to corroborate certain isolated facts, they are still for from bear- 
ing diieet upon the question, as to the t<aem of material necessary to be 
used for the top of the tubes. You are aware as well as myself, that the 
whole of Mr. Hod^kinson's experiments have been conducted differently 
to those which I liavc made. In his, the tubes have been invariably 
supported in the middle with a frame of caist-iron, and a cross cushion of 
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wood which formed tiie fidcrnm, over which the finctnre wai made. 
Now it is evident, that this is not the poaition in whieh the tuhea will be 

placed : tin y have no frame in the middle, nor yet any cushion on the 
top to keep them sti-udy ; they are, in fact, iin8up])orted from one tower 
to the other when permanently fixed ; they will be in the same position 
as the model tube at Millwall, with an opening through, and with no other 
support, but what is derived ti iin its own stiffness and the tenacity of 
its parts. By taking therefore the model inhc. (and I always come l)ack to 
it as our guide), I am satisfied we are much salV;r, and much more certain 
of due and perfect proportion, than if wc calculated from experiments 
abstractedly taken from tubes disproportioued in ail their parts, either as 
regards the thickness of the material, or the length or depth of the tubes. 

I admit, it may be possible for mathematicians to deduce numerous 
important facts from such experiments; but with every deference to these 
usefol and distmguished men, I have not yet heard of anything to cause 
a dqiartare from the MiUwall tube. 

If we take that tube, with its numerous and important facts, aU bear- 
ing (in due proportion) upon the full-sised stmcturei and compare it 
with the abstract reasoning of the most profound mathematician^ I am 
persuaded we shaU be at a loss, as to what^hould be done in the con- 
struction and fonn to be adopted in the large tubes. I mention this, 
not fipom any desire to lessen the value of Mr. Hodgldnson's experiments, 
or didr importance In a mathematical point of view, but to lay before 
yoo the reasons why I adhere with such tenacity to opinions, which, in 
every instance, have been confirmed by their superior importance. I have 
talked this matter over with Mr. Clarke, and 1 think, if I understood 
him correctly, that we cannot depart from the principle of the cellular 
top, excepting in certain moditicatiuiis to which we are both agreed, and 
on which we wish to have your opinion and advice. 

The moditications to whieh 1 allude arc as follows; — viz. to construct 
the top of much thicker plates, | instead of ,] inch, and to form only 
one series of cells, containing as nearly as possible the same sectional 
aresi, and presenting the same form of resistance to the " puckering" 
and crushing tendency of the material. If this were accomplished, (and 
I see nothing to prevent it), the construction would be much more 
simple ; and, what is of still greater value, increased facilities would be 
offered for the reconstruction of the Britannia tubes at the Strsits. This 
is a matter of great importance, as the chief difficulty I have had to en- 
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coanter it the rivetiag of the vertical jointe of the tubular aeriea in a 
qitee» not ezeeeding 18 inches high, and 18 inches wide. If we adhere 
to the doable tier d£ eeUs, I fear I most have the whole of the top plates 
loose, in order to effect sound and efficient riveting of the internal joints. 
Now, by the adoption of only <Nie depth of cdls and stronger plates, it 
win bring us to the same oonstmction as the model at MiUwall, whichi 
in every instance, has exhibited a degree of resistance to compression 
considerably beyond that of tension on the lower side of the tube. 

1 have aliLUcly stated niy rehietance to change, and I would not on 
this occasion have sucffested any alteration, as I am satisfied we liave 
now a good top, and I will abide by it, if you think proper ; but my desire 
is, to lessen the expense of construction, and add what we save in weight 
in the top to the bottom of the tube; that is, to ])roportion the area of 
the top and bottom of the tube respectively in the ratio of 5 to 4. This 
would bring the form, as well as the sections, a near proportional of the 
Millwall tube, which on every occasion, and at every test, has given re- 
peated instances of the snperior strength of the (M^UuIar top. I have 
carefully considered this matter over with Mr. Clark^ who is even more 
anxious for the change than mysdf ; and after mfitoie deliberation, I 

Fig. 45. 
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have to propose that a cellular top, of the following proportions and di- 
xnensions, be substituted for that with the double tier of cells. 

The above cells to be 1 foot 8^ inches square ,* all the phites to be 
{-inch thick, with stronger angle-iron, and |-inch strips above the top, 
and bottom, as shown at a, «^ «, and b, b, b, &c. The above constmc- 
tion would give much greater facilities for riveting the joints of the ver- 
tical plates ; and, from the increased thickness of the plates, we should 
not only diminish move than hsif the number of cells, hut I apprehend, 
from a few additions! plates introduced at the bottom, we should have a 
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stronger tube. The increaie I should propose for the bottom would be 
simply as under. 
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Double plates for the bottom as before. The two outside vertical plates 
at SS douhley and an additional line of plates over the two outside cells 
at II. With these curtailments and additions, tlie areas woald stand as 
follows:^ 

Bottom ... * 500 square indies. 

Sides 259 „ 

Top 566 „ ff 

If yon i^ree to these proposals, let me hesr firom you at your esrly 

convenience ; or in case you deem it proper, I shoold be glad to see yon 
here for a single day, in order to come to a final decision. We must now 
order the plates without a moment^s delay^ and the sooner it is done the 
better. 

I am^ my dear Sirj yours faithfully, 

Robert Stqjthenton, Mag. William Fairbaibn. 

The succeeding letter contains Mr. Stephenson's approval of 
the proposed change in the cellulur top, accompanied with an 
expression of confidence in the use of cast-iron in certain par- 
ticolar cases. 

My dear Sir, London, March 3rd, 1847. 

My letter to Mr. Ciiurke would convey my concurrence in the proposed 
^ange in the arrangement of the top and bottom of the tube, and you 
would also obseiTe^ that I proposed to increase the dimensions of the top 
eells^ precisely as you suggested in your letter of yesterday. I attach 
some importance to the use oi cast-iron ; and in several bridges now in 
the course of construction, the top side of the tube is stiffened by this 
material, but this need not interfere with our present determmataons in 
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fderenee to the Conway or Britaimu. I hope, therefore, that the ordera 
will ahosli^ be all in the handa of the difierent manufacturers. I find I 
have an appointment at I^nn on the 9th, ftom which plaoe I intend pro- 
ceeding to Mancheater, when I hope we can make an ezcnraon amongat 
the iion-maaters. Trusting that Ihis will be convenient to you, 

I am, yova^s faithfully, 

WUBam Fmr b a im, £ag., Manchester. Bobbbt SviFHSNaoN. 

34 Great George Street, Wettmintter, 
My nSAE Sib, Maidi 31t^ 1847. 

I have sent Clarke down to Conway to arrange with Evaus, for pro- 
ceeding with the masoury in the upper part of the tubes, where it is 
likely to be interfered with by the cast-iron girders. I am glad to hear, 
that you liave given Blair positive instractions to see all off that m wanted 
by the builders. 

I am leavinjr town on Thursday evening for a week : on my return, 
we must arrange to meet the Board on tlie subject of the lifting appara- 
tus. I have no doubt it is all right as to Evanses certificate. 

I hope you will arrange to have nearly, if not all, the bottom rivetuig 
done by the machine, it is 80 infinitely superior to anything that can be 
done by hand. 

Yonra faithfully, 

WUUam Fmi^mm, Esq., Manekettar. Bobert Stephenson. 

Owing to the enormous strain exerted upon the cast-iron 

fi'ame-woik aud cross buaiiis, very great attention was required 
in their construction. Sec the description, hereafter given, of 
the method of raising the Ck>nway tube. 

My nXAB Sir, Manchester, March 24th, 1847. 

I have now completed, or nearly completed, the whole of the drawings 
for the frame-work, girders, &c. for hfting die tubes. The arrangement 
of the hydraulic apparatus, chains, &c. ia also complete ; and as soon as 
we hare copied the drawing, the whole shall be laid before yon. I am 
now well satisfied as to the security of the ends of the tubes, wheie the 
diains are to be attaidied, as alao the large girders, and aU the roOer 
platfinrms, whidi are now secure and in a most satisfoctory position* 
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Mr. Clarke took with him the tntdng* for the hydranUe presiea, and 
drawing of thoae portiona of the towera which require the attention of 
Mr. Thompioni and where it will be neoeasary to have reoenea left for 
riveting and unitmg the middle parts of ihe tabes. All these points are 
now clearly developed, and I trust in a way equally satia&ctory to you 
as to myself. 

I have appropriated the greater portion of this day in writing to all the 
Gmtractors and Inspectofs urffinff despatch, and again raninding them 
of the great necessity which eiists, for having the wofk tound and perfect 
in every respect. I have laid a gw)d deal of stress upon them in this 
respect; but as soon as tliLy an Uiily sturtod^ I shall convince myself of 
their progress by a careful and rigid inspection. As soon as Mr. Clarke 
returns, we shall finish all the dramngs, and have the lists and specifi- 
cations prepared to lay before the Directors, in onier to have the tenders 
and contracts completed for the raising apparatus, girders, fram^ &c. 

I am, my dear Sir, £uthfiiUy yonrs, 
Robert 8tq»hauen, Etq. William Faikbairn. 

In all the previous experiments on the model tube, the rigi- 
dity of the ceiluhur top resisted every attempt to crush it ; the 
firacture in every experiment having taken place at the bottom 
plates. It was therefore absolutely necessary that the experi- 
ments slioiild Ije re pcatud, in order to crush the top, and thereby 
to determine the relative values of the resisting lorces of exten- 
sion and compression, and thus to furnish the requisite data for 
the deduction of formulae for computing the strength of tubes 
of any required dimensions. The experiment described in the 
foHoiring letter supplied these data, and fully established the 
proportional areas of the top and bottom sides of the tube. 

By this experiment, a laborious scicntiiic research was brought 
to a close, which, it is to be hoped, may prove useful in the future 
requirements of the arts. 

My seae Sir, MillwaU. April 17th, 1847. 

I have moie than ordinary gratification in oommunicatiiig to you one 
of the most satisfactoiy experiments that has yet been made in this, of 
almost all oth«n, moat interesting inquiry. It will he fresh in your re- 
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oolkctioii, that our bMt experiment^ atthoogli condunve as r^rded the 
itzength of the bottom of the tubet, was nevertheless defective, the tube 
hcving broke at about one-half die diitanee between the weight and the 
BTipport. Thia deficinu^ arose from the onequal distribution of the 
material, whieh, on strengthening ihe bottom with new plates, had not 
been earried bqrond the point of firaetore, or only about SO feet on each 
side of the load. In the leeent repairs of the tube, this defect was reme- 
died^ by the addition of a lihinner plate being riveted from A to B on each 
side, thus : — 



Fig. 47. 




equalizing the strength of the bottom, as nearly as possible, to what it 
should have been in the last experiment, or in the ratio of the strengths 
on each side of the centre towards the supports. This arrangement and 
distribution of the material having been completed, we again commenced 
the experiments on Thursday last, and have continued them up to the 
present hour. 

On Thursday we laid on about 61 tone, and took the deflections re- 
gularly as before } yesterday we continued adding to the weif^ts until 
189,170 lbs. were laid on, which wese nearly 15| tons more than the tube 
ever supported on any former occasion. Fearing there might be some 
anomaly from the unexpectedly great increase of strength, and finding 
the mass of weights did not move so freely as I could wish, we discon- 
tinued the experiment late last night, and this morniug had the f^iound 
excavated all around, in order to be quite certain that the tube had the 
whole weight upon it. This was proved beyond a doubt, and after re- 
storing the weights, which we removed, it ultimately gave way by ffie 
crushing of the cpI hilar top with a /oo^ o/" 192,892 lbs. =86;^ tons, and a 
deticction of 4- 88, or nearly 5 inches. 

This experiment relieves my mind (as I trust it will do yours) from 
any doubts as to the proportions, and as to the security of the vast 
structure on which we are engaged. ^Ve have now data on which we 
can safely depend, and it only remains for the mathematician to supply 
the necessary formulsy for calculating the atrength of any other descrip- 
tion of tube* 

L 
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Mr. Clarke will go into this inquiry, and I have no douht he will ren* 
der the same valuable aaairtaiice in tluiy aa he haa done in every other 
inveatigatioa with which he haa been connected. 

I think it will be deaiiable that you ahauld tee the fi!actnre. The 
tube will remain in ita present state, and I hope you will come down 
some day next week, and let me have your opinion aa to the result. 
Yon will observe that the top and bottom areas are now in the propor- 
tion of 24 to 20, or aa 6 to 5*. 

I am leaving ht Manchester tfaia afternoon by the Egress, and remain, 
my dear Sir, 

Yours fidthf ally, 

Hubert Stephensotif Esq. William Fairbairx. 

P.S. The sides of the tube behaved admirably. 

24 Great George Street, Westoiinstcr, 
My ©ear Sir, April 28th. 1847. 

I am requested by Mr. itobcrt Stepbciisou tu i-xjiR-ss his reject, that 
he is so overpowered by Parliamentary business that he cimnot reply to 
your letter at length, and be l)ids me press upon you seeing Mr. Clarke 
(whom he has sent to Conway), and arranging to have the proposed change 
in constructing the tubes on the spot carried out, for which it will be 
necessary to have a special Board called, which he trusts you will have 
done, and devote a few days to them and this matter in London. 

Yours truly, 

IFUliam Fmrbaim, Etq. J. £. Sandsrson. 

24 Great Geoiige Street. Westminster, 

My dkar Str, ^ 1M7. 

I am much gratitird nt your resolution, to devote a consideral)le portion 
of your time to looking llu- lube-buiiders \\\), and gcttinu: a ^ood job 
made of tbe whole aflFair. 1 do not tbink tluit a larjre proportion of yonr 
time is at all neeessary. Sonietlnug hke two or tliree days a fortnight 
is, I am sure, all that you need give up to it ; what would be most valu- 
able is a regular periodical visit, so that the progress may be narrowly 

* It was afterwards ascertained that the relative proportion between the 
area of the cellular top and that of the bottom plate was as 24 to 22. 
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watched^ and advantage taken of every new oontmiiatioii aa it oceun. 
Of these there irill be many which mnat surest improvements in oor 
arrangements. There ia a meeting of Directors tomorrow, which I 
have only leeeived notice of this momoit. I will explain what your in- 

tentions were at my suggestion, and postpone the matter until the next 
meeting. 

Yonss fidthfully, 

William Fairhaini, Esq. Bobeut Stephenson. 

P.S. Mr. Clarke mentions the engines for the bmlders. Let me sag* 
guest that you arrange with the partiea who are to nse them, aa the 
Board are only cognisant of one bemg ordered, or rathw submitted to 
than in your inventmy. Let us take care and avoid coming into coUi- 
aion with them again on this point. I am espedaUy aniiona on your 
aeeoontj aa well aa my own, after what haa passed. I am sure you will 
understand the object of my naming the subject in this manner.— B. 8. 

The pimcliing, fitting and riveting of different portions of the 
tubes bad been in operation for some time at Conway and the 
Straits; and as everything depended upon tbe security and 
soundness of tbe rivets, Mr. Stephenson was more than usually 

anxious uhout them. The following letter was written, for the 
purpose of giving him additional confidence in the workman- 
ship. 

It has abready been noticed, that the experiments suggested 
a new form of girder bridge calculated to sustain severe strain, 
and better adapted for spanning wide rivers and deep ravines, 

without till' sup])()rt of inter mediate piers, than thu form of 
bridges hitherto employed. The first bridge on tiiis new prin- 
ciple of construction had just been opened at Blackburn in 
Lancashire ; and the comparatively slight deflection, which took 
place during the passage ** of ballast waggons/' fully established 
its efficiency. In the two following letters, this fonu of girder 
bridge is again reeoinmendcHl to Mr. iSt( i)henson in preference 
to a trussed gu clc r bridge, or to any other ibrm having auxiliary 
means of si^port*. 

* See Letter to Mr. Stephenson, p. 27. 

l2 
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Ht dear Sib, MMUchester, June 9th* 1847. 

I have to acknowledge the receipt of your letter of yestrnlay, and I shall 
be L'lad to meet Clarke nt Liverpool in tlic morning:. As staled to you 
m London, I have made up i)iy nnnd to devote my best energies to the 
construction and due completion of the tubes, and I will wateh narrowly 
and regularly the progress of each construction, that the work be well 
done, and free from blemish in every respect. Such is my determination, 
and in case of neglect in other quarters, the fault shall not be on my 
side. 

After I have careftiUy inspected the whole of the works at the Straits 
and at Conway, I will reptui to yon in full ; and now that I have them 
altogether, I pnrpose being there once a fortnight^ or if neceasaiy, once 
a week, until they are all started and in fiill operation. 

A rqMvrt of each man's work will therefore be presented to you erery 
two weeks ; and in case you deem it expedient, the same may be handed 
over to Bfr. King for the inf<Hmation of the Directors. More than this 
I think cannot be done, and I apprehend more than this will not be 
required. 

I have just returned from Blackburn, and although the hollow girder 

bridges, which I have been making, are not nearly so good as those 

I am now constructing, they nevertheless contain so many elements of 
strength, cheapness and security, as to be well-entitled to your consider- 
ation. 

I am, my dear Sir, fidthfiiUy yours, 

Robert Stephenson, Esq, William I'AiaBAi&N* 

The following is an extract from a letter, dated June 10th, 
1847, addresfled to Mr. Stephenson : — 

"I have carefully considered the principle of the trussed girder bridges, 
and I must honestly confess that my opinion of their strength and security 
is unfavourable. 1 have always entertained objections to the trusses, equally 
so in this form of bridges as I do to chains, or any other auxiliary as a 
support for girders of any kind. My confirmed opinion is, that every 
girder should be deprived of assistance of any kind, and should be en- 
tirely dependent upon itself for support, and its power of resistance to 
the load. I may be wrong to some extent in these views, but I think. 
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when we arc again together, I shall be able to prove, not by mathematical 
demonstration, but by some practical facts, that 1 am correct. I think 
you will find, lliat trusses and chains seldom or ever harmonize with rigid 
bodies, and are more apt to do uusciuef than add to the strength of the 
body they are intcMded to support. 

" I find that the plate-iron hollow girder will not only be much stronger, 
but ultimately cheaper than any other that you can adopt. I have now 
diBCOVered an excellent principle of construction, one that unites the 
elements of strength with the economy of material, and which I appre- 
hend will be well-worthy your attention in the construction of bridges of 
this kind. 

In the eonrtmetion of the hoUow iron girder, the greatest difficulty I 
have eiperienoed is in making a substantial and sstis&cfcory pnmaMm 
Ibir the cross-besms of the roadway. This I have now accomplished 
sstiabctorily to mysctf, and I trust, when fbUy developed and worked 
outy it will he equally so to the professiim at Isrge. 

"The construction of the bridge we aie now making fbr Mr. Bidder 
has suggested this arrangement; and in case you should adopt the 
wroug^t-iron girder, I would stronfi^y recommend it in considera- 
tion." 

In the same oommmiicatioii the following sketch of the pro- 
posed bridge was given for consideration, taking the span of 
100 feet, and after referring to some particulars, which do not 
bear directly upon the subject, the letter proceeds as follows 

Fig. 48: 




" The depth of the girders in the middle at A to be 7 feet, and at B, B, 
5 feet. The sections to be as under. 
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Fig. 49. 




" The doable plates «, « to form the bottom of tbe girder in the nnud 
way, and the plates e, e,eUt form a shelf for receiving the cross-beams 
c, c, and at the same time to answer aa a eorering^plate for the joints of 

the plates a, a, and also as a tensile plate fur the bottom of the girder. 
From this rough description, \o\i will j)crceivc that the })latc's e, e 
run longitudinally alon;; llic hottuui, and are riveted to it by the angle- 
iron, forming with the sides a eontinuous shelf, and receiving the ero?s- 
heaini; at every 3 feet, over which are placed tlie rails ; this arrangciiicut 
will, as shown above, save considerable expense and weight fur the road- 
way. 1 trust, from this rniiirli and hurried description, yott will clearly 
miderstand and approve the principle of construction. 

" It adds considerably to the strength of the girder, without much m- 
erease, if any, to the weight. 

"Besides, it renders the oonstmction of the roadway convenient and 
secure; and by introduein<> a cross plate along every third or fourth 
eroaa-beam, and riveting this to the outer bracket of angle-iron, every 
purpoae wiU be served for keeping the girders atrai^t, and retaining the 
whole in its place. 

" In the event of your adopting this description of bridge, I would fix 
the girder A upon the piers, and hj resting the extreme ends at B, B, 
upon plates with planed surfaoea, the expansions and eontractiona will be 
e&cted without risk of distortion in the girders. 

" The bearing powers of these girders in their centres would be for 
the outside ones 180, and for the middle ones 276 tons. This would give, 
for the bearing powers of one span^ and for one line only, a resistance 
equal to 728 tons equally distributed, or in the ratio of 728 to 90, being 
638 tons greater than the heaviest load. 

" I am sure you wiD pardon me for offering these suggestions, and 
trusting this may be useful." 
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The next two letters refer to Mr. Stephenson's visit to Conway, 
his inspection of the tube, and the (juality of the workmanship. 
These letters further allude to the Bhickbum and the Camden 
Town hollow girder bridges, showing thdr relative deflections 
and oompaiative powers of resistance. 

Mt dkab Sir, Manchester, Jvily Slat, 1847. 

I trust you found cvcr\i:hing going forward to your satisfaction at 
ConwRy and the Straits. I am getting on rapidly with the drawing for 
all the beams, plates, &c. for the bridges. 1 am satisfied they are now 
strong enough, and I think, yrhsn you have a copy of the drawings, they 
will receive your sanction and approbation. The castings for the Conway 
are now all complete, and those for the Straits will be put in hand imme- 
diately. I shall be there on Monday, and will see Mr. Aosa or Mr. Ben- 
net, and explain everything to them. 

We hare had the tnuna over the Bolton and Blackhom Bridges, and 
ihey answer admirably. Three heavy enginea, linked toge^er, were 
driven over them at high and alow apeeda, with » deflection of only -f^ths 
of an inch in the one, and i^tha in the other. They are perfectly rigid, 
and although not ao well-proportioned and well-made (Garforth made % 
mistake in them) as those I am now oonatroeting, they are nevertheless 
of tiiie moat aatisftetoiy description. I must send yon all particulars on 
the fint opportunity ; till then I am feithfully yours, 

Eoberi Stqthamn, Etq. William Fairbaibn. 

24 Great George Stxeet, Westminster, 
Mt dbab Sib, J»dy 22nd. 1847, 

1 found everything going on well at Conway. T like the substantial 
appearance of the whole thing. The sides are much .stifFer than I anti- 
cipated. I examined the holes and riveting closely, and i thought it well 
to order that the rymer should be put through every hole. This may 
not be necessary in everj' case ; but as it is difiicult to draw the line where 
the rymer should or should not be used, I thought it the safest plan to 
give an ordor that all ahonld be done. 

I am glad to hear that the tubes on the Bolton line are aosatistoory. 
The deflection you name is greater than I should have expected. Our 
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CluUc Farm tabes faid ]60 tons upon them^ without any porceptible de- 
flection. This was Mr. Boclcny's report to me. 

Yours MthfttUy^ 

WU&am Fmrbaim, Etq. Bobbet STBYniNaoN, 

Before casting the large beams, A| and A2 (see fig. 60), in- 
tended for supporting the hydraulic pumps, and for sustaining 

luilf the weight of the tul)L', Mr. Stephrnson considered it 
dt'siial)le to have the opinion of Mr. Hodgkui.^un as to tiicir 
strength. This was accordingly done ; and after visiting the 
foundiy and inspecting the patterns, he suggested that a number 
of ribs, a, a, a, a, should be used as supports for the top and 
bottom flanches of the beam. These connecting ribs were ac- 
cordingly introduced ; but most of those cast from the improved 
pattern hrokc, ai? I anticipated, in the contraction of the metal. 
Subsequently they were reduced to the ahape of brackets, which 
rendered the casting perfectly sound. 

The breakage of the large beams £rom unequal contraction 
caused great uneasiness ; and in order to ensure safety in a 
hlriicturc of such vast importance, the top beam A \ is mi re- 
duced, and 1)y giving an ecpial distril)ution of tlie pre.NSure upon 
the large beam, the utmost security was attained for the lifting 
of the C!onway tube. 

My dear Manchester, July 23rd, 1847. 

1 find I shall have to make sotnc alterations in the larije cast-iron 
beains for sii])))ortuitr the water presses. Two of the others have broken 
in the cooling ; and 1 am now going down to Warrington in order to 
make some change in the proportions. I find I shall have to use doable 
beams, t» under, for supporting the pumps. 

This will cause a more eqnable distribution of the load upon the lower 
beam, and render it secure and free from risk. With the simple beam, 
presenting such anomalous results in the shrinking, we should not feel 
safe. The law of crystallisation seems to vary considerably under nearly 
the same circumstances; and although the same metal is used, and 
everything precisely similar, it is anomalous that five or six of the beams 
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tsbould be perfectly sound in their contraction, and that two of the others 
should crack in the middle without any apparent cause. These are the 




veanlta of the beania whii^ are boflt in the wdl, and with yonr penniia^ 
I will not only make aome alteration in ihoae beams, but uae the doable 
beam fat lifting the tobea. 

I am glad you like the appeaianee of the Conway tnbe : all the othera 
win be equally sdbatantial, andltraat even anperiorin quality aa regarda 
the wotkmanship. Yon ha>ye done quite right by insiating upon the 
rymering of the rivet-holes ; and I shall support and confirm your orders 
on Thursday next, when I am over at Conway and the Straits. 

I have IK) doubt the Clialk Farm bridg^e is nuich more rigid than those 
I have made for the Bolton uiid Blackburn line. It is nearly double the 
depth as compared with the span, and I dare say a much more expensive 
bridge. From Mr. Flannigan's (the engineer's) report, they are however 
suflBcicntly strong, and appear to give perfect satisfaction. On my return 
from the Straits I shall, however, have them tested with great care and 
let you know the results. 

Meann^iile, I am, yonra faidihlly, 

Robert Stephemon, Esq, Williau Fai&bairn. 

At the period of the date of the following letters, soand riveting 
was* as it is now, a desideratum in the construction of wrought- 
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iron tubular bridges. At the oommenceme&t of the oonstnie- 
tion of the Conway and Britannia Bridges, it was stipulated that 

tlic contractors should use the rivctin*^ machine in every case 
where it could be applied; and in order still further to enhance 
the value of this process, all the parts which could not be 
leached by the machine were to be riveted with heavy hammers, 
for the purpose of causing the rivets to fill the holes, and other- 
wise to make the work, as nearly m possible, equal to that done 
by the machine. D\iring the ])rogress of the construction of 
the tubes for the Britannia Bridge, tlie luachine-w ork wuis found 
(according to the opinion of Mr. Mare the contractor) both ex- 
pensive and inconvenient, on account of the size and great 
weight of the plates, and the difficulty of suspending them over 
the machine. These drawbacks were not however experienced 
by Mr. !>. ms, the contractor for the Conway tubes, who over- 
came every dithculty by the introduction of powerful travelling 
cranes, which enabled him to rivet the greater ])art of the 
bottom and sides of both tubes by the machine. Mr. Mare, the 
contractor for the greater portion of the tubes for the Britannia 
Bridge, adopted a different method ; and by the use of heavy 
hammers made the w^ork, if not efjual in solidity, at least nearly 
so, to that done by the machine. The superior quahty of the 
hand-riveting executed by Mare, with the heavy hanmiers, im- 
posed the necessity of using the same means in the hand-work 
done by the other contractors, Messrs. Gaiforths and Evans. 
All the riveting therefore, not admitting of the use of the ma- 
chine, was done in the way described, and with much j^reater 
effect thaii could possibly be accomplished by the hght hammers 
generally used in the old process. 

As the time drew near for floating and raising the tube, it 
became a question of some importance, how to attain an effective 
system of organization of the hands to be employed for the 
pmpose. T^p to this time ^Ir. Ste])heuson had not expressed 
himself dctiiiitely on the subject ; but his letter dated the 23rd 
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August was sufticicntly explicit, aud set the (^uestiou entiiely 
at rest. 

My DSAB Sib, Menai Straits, August ibtli, 1847. 

I have gone carefully over all the riveting as practised by Mare and 
Oarfortb, the one by machinery, and the other by hand. Both of them 
we good in tiieir way, and now that we have 6| and Tibs, hammers, we 
can aeareely do otherwise than make good work. I ahaH see Evana 
tomorrow on the same aubjeet, and still ftirther inereaae the size of his 
hammeia* 

Now that we have made a beguuiing here we ahall go on with speed; 
and from the active habits of Mare'a foreman, I have no doubt they will 
turn off a great deal of good work. As soon as one of the tabea is well 
advanced, we diall see how far it may prove desirable to have the fourth 
platform constructed. I apprehend it vriU be wanted, as aD the four 
tubes will be iTqnired for lil'tiug at one and the same time. By the by 
will you write mc to Manchester, ^Lauug whither it is your wish that I 
should take charge of the floating and raising of the tubes ? I have no 
objection to do it, atui iu take the ruaiKKjemcnt of t/te whole thing, sub- 
ject to your approval, and to be responsible for the result. I sliould 
however require some alterations in the pontoons, as you will readily rr- 
lueniher that I have ail along contended for large vessels, ;ind Mr. Clarke 
oil the contrary for small ones. Now, I am of opmiou that the process 
of floating is the most critical and precarious of the whole ; and consider- 
ing the great depth of the tubes, and the height of the centre of gravity, 
1 am tirmly persuaded, that the remaining pontoons should be at least 30 
feet larger than those at present constructing by Mr. Evans. It is most 
desirable that this part of the subject should be well considered. 

I have no objection, with your consent, to take the management of tiie 
whole ; and I shall be most happy to have at my command the valuable 
asustance and intelligence of Mr. Clarke. Wil) you inform me what are 
yomr views on this subject, as no time flbould be lost in a matter which 
involves oonnderations of such deep importance ? 

I am drawing up an advertisement for giving publicity to our new 
patent girder. Yon are aware it has been taken out in my name; and 
although I have probably contributed much more than most others in 
determining its proportions, as regards strength, &c., I nevnrthdess am 
of opinion, that your name should stand at the bead of tbe invention. 
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I do this fiom a oonyietion tlut yoa are entitled to preeedeaee^ not from 
liiving woiked herder, or done more for it than myeelf; but from the 
nndeniabk &ct, that I should never hare tliought of the experiments 

which led to the discovery, but from the inatnictions which I reed?ed 

from you relative to the large tubes. 

These experiments have unquestionably led to the development of an ^ 
entirely new aera in the history of girders and bridges, particularly of 
those of large span. On all these j)oints you must endeavour to steal 
an hour from your other engagements, and let me kuow what are your 
wishes, and I will try to carry them into execution. 

I am^ my dear Sir, very faithfnUy ymm, 

Robert Stqthenson, Esq. Wiluam Faibbaikn. 

My dear Sir, London. Aufni^t 23rd, 1647. 

I was surprised at your letter this raoniing, asking uie it 1 wished you 
to t^e charge of the tioatmg and lifting. I consider you as acting icith 
me in every department of the proceedings^ and I shall regret if anything 
has been done which has conveyed to you the idea^ that I was not de- 
siroos of having the full benefit of your asustanoe in every particular. 

Pray therefore, if Mi C larke be with you, wuht with him as to all 
that has been done with the pontoons, and then let me see you both* I 
am going to apend three or fonr days at Tapton with my lather — say 
from neit Snndiqr mittl die Wedneaday following. I wish veiy mueh 
you and Clarke would join me ; my father will be delighited to see you ; 
I hope therefore yon will contrive to come. 

I wish in the meantime you would desire Clarke to order Evans to 
pat decks to aU the pontoons he has built> as wdl as raising their sidea 
one foot. The model which I have here, shoeing the tube and boats to 
an eiact scale, indicate to me very considerable stability; but to make 
everything safe, I will at once concur with your notion of increased 
length. "When at Tspton we will discuss your proposed advertisement as 
to the patent. Your view of the matter seems to mc just and honourable. 

fielievc me^ yours sincerely, 

WWiam Fairbaim, E^. Robsbt Stsphbnson. 

The following letter indicates the views entertained by Mr. Ste- 
phenson, as to the size and strength of the pontoons for floating 
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the tubes. From the first, he enteitained the idea that an in- 
creased number of small barges would be preferable to a smaller 

number of large ones. I took a different view of tlu? subject, 
and contended for the laige ones, as being steadier and safer. 
Subsequent experiments, and the floating of the Conway tube 
itself, however, confirmed the accuracy of Mr. Stephenson's 
opinions ; as the lighter pontoons proved as secure as those of 
greater tonnage, and were probably more manageable. 

24 Great Geocge Street* Westmineter, 
Mt dsar Sib, No dale. 

I am glad you have settled with the Colehrook Bale Company. These 
arrangements I leave entirely with you ; and you may rest assured I will 
agree in any arruugemcnt you may deem expedieut to make with the 
contractors. 

I have been constantly canvassing and calculating the stability of the 
barges lengthened, since I left you, without having arrived at any very 
satisfactory result. The great height of tlie tube, and the position of 
the centre ot gravity, render the use of sbeet-irou barges very preca- 
rious ; but with long ones the dithculty does not entirely disappear ; at 
least another starts up, although I do not deem it so formidable ; that is, 
in the strength of framing and trussing which long barges must neoes- 
•arily require to prevent them breaking in the middle. In any case, I 
have a strong leaning to the employment of a oonsidmbie number of 
Teasels instead of a small number $ for with a large number, a casualty to 
any one or two of them would not much intecfere with our proceedings 
or progress during the floating. This, I think you wiU agree with me, is 
of the very last importance. 

I am compelled to leave fi>r Paris on Saturday, but I shall fetnm aa 
aoon as practicable ; in the mean time I leave the arrangement entirdly 
in your hands. This evening I shall talk to Clarke about the |*inch 
plates. I hardly understand it from your brief allnsaon to them, hut I 
have no doubt you have explained it to him. 

BeUeve me, my dear Sir, yoors £uthfully, 

WUHam FMfhmm, Esq. Robsbt STsrHBNsoN. 

The prognostications of fiaOnre which assailed us from almost 
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eveiy quarter rendered every precaution neoesaaiy ; accordingly, 
it was agreed, to build two temporary stone piers, and as soon as 

the tube was finished, to place it upon them free from all other 
support, and tlicn to test its sticnirth bv actual cNiM iiiiRiits. 

As the construction drew near coiupletion, and the lirst day 
of trial was at hand, the utmost anxiety was depicted in the 
countenance of every one interested in its success. A great and 
important problem had to be solved ; and Mr. Stepheneon, I 
have no doubt, shared with nie considerable mental anxiety until 
the test?, wtii ap})li('(l, and every doubt reinovcd. The ultimate 
issue of the undertaking involved t he loss or gain of reputation, 
whidi from the commencement had been staked upon the re- 
sult. The question repeatedly asked was an important one : — 
" Win the large tube follow the same law in its powers of resist- 
ance as that indicated by the experiments on the model tube ?" 
To me the matter was scarct^ly problematical, but still there 
existed doubts ; and until the tube was suspended on the tem- 
porary piers, and had taken its own weight, it was found next 
to impossible to divest the mind of some degree of alarm, even 
in the face of the conviction that all was right. 

Amongst other schemes for effecting the tests was one jiro- 
posed by Mr. T^illic of Manchester, namely, to fill the tube with 
water to a depth commensurate with the weight to which it 
should be proved. At first the pn^posal appeared to be well 
conceived ; but on further reflection, some difficulties presented 
themselves in making the bottom and sides water-tight, and 
the admission of th(? salt-water* between the joints of the 
plates, whu h is alluded to by Mr. Stepliensun in his letter of 
December 2yth, was a serious objection to the plan. Alto- 
gether the scheme, though feasible, was abandoned for the 
reasons there assigned. 

Some doubts were entertamed as to the strength and security 

* l-Vc >^h water could not be obtaiaud at an elevation sufficient to nm into 
the tube. 
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of the temporary pien, oompofled of soft Runoom atone, for sup* 
porting the weight of the tube. These piers were however 

increased in strength, by covering; the top of the masonry ^\ ith 
largr iron bed-platcs, wliich, being iniitid to a covering of 
sohd teak wood 8 inches thick, gave increased security by an 
eqiiable distribution of the pressure over the surface; and thus 
aJl apprehensions were removed as to the safety of the piers. 

Mt DBAS SiE, Conway, December 24th, 1847. 

Affcer earefol cnuidention^ I have come to die eondtudon on the sub- 
ject of testing the tube, that it will be preferable in every respect, to lia\ c 
it tested with water. I have examined the whole of the D platform ami 
also the sides ; aud from wliat 1 can see, there will be no ditiieulty in 
making it sufficiently water-tight, fully to answer the purpose. I would 
therefore propose, that a dam formed of planking; should be fixed at each 
end of the tube, with valves or flaps to discharge tut water in etmi of 
need, — the height of the dam to be 6 feet above the D i)lutforni, which, 
if filled to that height, would give exactly KKK) tons equally distributed 
over the surface. This is probably too great a test, but it can be re- 
duced to 500 or 600 tons, as may be deemed ei^edient. I should not 
however fear the residt with even the greater weight of lOOO tons. In 
order to fill the tube to the proposed height, one or two pumps attached 
to Mr. Evans's engine will be sufficient for that purpose; and these pumps 
can be worked at pleasure st sny given velocity to Tdtatd or aecdeiate 
the rate of filling. Ihere appears to me to be many advantages in this 
mode of testing, sueh as equaliaing the pressure, and bringing all the 
parts of die tube to thdr proper beaiinga; also tie gmd mcety md 
larify udtA whkA it cm be tetied, and that, as circnmstances may require. 
Entertaining these views^ and having a full conviction of the superiority 
of this method ui determining the bearing powors of the tube, I should 
be glad to have your sanction to its adoption. Mr. Clarke will infonn 
you more in detail as to its advantages, and I have no doubt it will be 
found to be the cheapest and the best. As soon as I hear from you, I 
will give Mr. Evans orders to prepare the pumps and the two dams^ 
which arc all that are wanted to make the exjicriment. 

I have carefully gone over the calculations m to the pressure that will 
come upon the temporary piero, and find that under the most imfavour* 
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ihle ciieomsUiioei, it will not enseed 18 tons to the aquan foot You 
need not be alarmed aa to the atrain Being mU upon the outer edgea, as 
die east-iron croaa-beanup and the four lifting heama whieh are eonnected 
by props or pillars with a eoupk of keys under the enda, will distribute 
the pressore, as nearly as possible, over the whole area of that part of the 
tube which rests upon the pier. Besides, it must be home in mind diat 
we have a good mural platfwm upon the top of the masonry* 

My friend Bftr. lollie is here with me to look at the works, and, like 
every one else who possesses judgement in these matters, is convinced 
oi till strcnirth and great security of our work. 

We hliali iiave one of the cast-iron frames in today, and as everytlring 
is now done for one end, I expect to have it finished, or nearly so^ by the 
end of next week. Altogether, we shall be ready, I have no doubt, for 
testing before the middle of next month, probably about the 10th of 
January. 

I could wish you to accompany me over here about the 4th. I am 
returning tomorrow, but will be here again next week; and on the 
Tuesday after I expect we shall be ready for inspection. You will there- 
fore oblige me by dropping a note to Manchester for my guidance, and 
believe me, alwi^ fidthiully yours, 

Robert Si^keMon, Etq, WiuIiam Faibbairn. 

Addphi Hotd, LivapooL 
Mt dbab Sir, December 29th, 1847. 

I win be with you tomorrow morning to speak about the waterproof 
of the tube. I cannot say I like it, on account of the salt wa^ filling 
the spaces between the plates with a thin layer of salt. Hie chemical 
effect of this is entirely doubtful. As I shall so soon see you, perhaps 
at the Polygon this evening, I will not say a word more at present. 

Belie?e me, sincerely yours, 

IFtZKom JPfatrBofni, Btq. Robbrt SvBFHBNSoir. 

About this time Mr. Stephenson expressed a desire, that eveiy- 
thing connected with the transport of the tube, particularly the 

pontoons, which had to float it, should he minutely cxauiiiK d. 
This w;i.s accordingly clone ; and as the vessels which had hcen 
constructed by Mr. Evans the contractor, appeared defective, 
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both aa repmrds workmanship and construction, coiisidcrabU! 
altorntif)ns were ordered to be made ; by the introduction of 
strong bulkheads, decks and tie-bars, and by a thorougli re- 
caulking, the pontoons were rendered perfectly secure and fitted 
for the work they had to perform. 

94 Great Oeoige Street, WcatmiiMter, 
Mt dkar Sib, Jwmary 7th. 1848. 

Jiut at I was making arrangements to oome down^ I reoetved an ex- 
press fipom the resident engineer of the Midland^ that the Amber Gate 
Tunnel was moving from some external pressure. I have therefore been 
down there instead of with you. 1 am glad to hear however from your 
note received this morning, that all is progressing satisfactorily, though 
not with that despatch which could he desired. Your presence will do 
much, and 1 hope you will give lar?e a portion of your time as 
you can possibly spare. You say nothing about the boats having bwn 
tested under the tube. I am very anxious to see this done, for I fear 
they will require a great deal of stiffening. 1 cannot now get away from 
London until after the Board un the 12th. 

Vaithfully yours, 

IVUliam Fttirbaim, Etq, Bobbet Stbpbbnsoii . 

The responsibilities which the testing, floating, and raising 
of the CSoDway tube involved, were apparent from the more than 
ordinary caution that was observed in aU the pre|)aration8 that 

were going fonvard for that purpose. The poutooiis,, bearing 
girders, and liydraidic puuips, were frequently and closely in- 
spected ; and in order to mske everything as secure as possible, 
additional time was allowed, and hence the tube was not sos- 
peoded for some days after the date of the following letter. 

Professor Babboge, and some other scientific gentlemen, had 
expressed a wish to be present at the exp( riineiit of testing, but 
the time proved inconvenient for Mr. Babbage, niid tin trial 
therefore took place, in accordance with Mr. Stephenson s 
request, in the absence of strangers. 

M 
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My dear Sir, Conway, January 2l8t, 1B48. 

After a complete investigation of the state of the works here, 1 have 
come to the conclusion^ with the consent of Mr. Clarke and Mr. Evans, 
that it will be premature for you to be here before this day week, the 
2Sth inst. We could probably be mdy for testing on Tuesday^ but it 
would hurry the thing too much, and I am moat desirous that we should 
have all finished and clear of confnsioii before we attempt the suspension 
of the tube. This will be scoomplished befoie Friday nezt, wad I should 
feel obliged if you will keep youxaeif disengaged^ in order thai yon may 
apend the remainder of the week at this place. We shsll liave three or 
four days' work for pu, aa we pnipose to test the pontoons;, ike presses, 
and laige girders at the same time; and I am quite soie it is your wishj 
as well as my own, that we should have all the work eomplete^ and leave 
nothing to chanee. 

It is either to " make a spoon or spoil a hom" with us, and I am most 
desinma that the spoon" should not only be wen-made^ bat sudi as 
ought to come from the hands of an artist. I believe it will be so, and 
I trust when you reach us on Friday, that you will pronounce the whole 
as a good, and fur a tirst essay, a perfect job. We have yet a °;ood many 
odd matters to do, to make the necessary arranjrements for floating, 
raising:, &c. Professor Babbage is desirous of being present at the experi- 
ment uf testing, but I think wc had better be entirely alone, and let him 
visit the tube when the load is on it, some days after we are ourselves 
satisfied with the results. But I shall see you on these and other mat- 
ters on Tuesday morning next, as I purpose returning to Manehester 
tomorrow ; and having one day^s work in London on Tuesday, 1 shall 
see you on the morning of that day, and return to Conway by the Ex- 
press train the aame evening. I therefore wish you to follow on the 
Tbuiaday, when everything will be ready for your inspection. 

I am, my dear Sir, ever fidthfidly yours, 

Robert Stephenson, Etq, William f AiasAlBN. 

It might be considered invidious, if not ungenerous, to im- 
pugn the motives of others, in what may be considered a legiti- 
mate oppocdtion to the experiments from which the principle as 
well as the constmction of the Conway tabe were derived. It 
does noty however, admit of doubt, that the construction of the 
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model tdbe was opposed, and the experiments made upon it to 

some extent condemned as inapplicable, by persons from whom 
a different course of proceeding might have been expected. 
LabouriDg under prognostications of failure, it is perhaps not 
eztraardinaiy that in the moment of sacGess I should have be- 
trayed some excitement, and have made use of certain hasty 
expressions, which in cahner moments would not have escaped 
me. It must be remembered that the testing of the Conway 
tube was an event of no ordinary kind : it was an experiment 
upon a gigantic scale» involving results of the deepest interest 
in relation to the mechanics of engineering. Under the in- 
fluence of these feelings I communicated the result of the test 
to several gentlemen, eminent in science, and to others of high 
standing in the profession. 

In making these communications, I, however, disclaim any in- 
tention of appropriating to myself the merit of the undertaking, 
or of hurting the f edings of any person whatever, &r less those 
cf Mr. Stephenson. Hastily written notes were sent to Pro- 
fessor Moseley, Mr. Babbage, Professor Willis, Mr. Rennie, and 
others, but I am not aware that they contained any expres- 
sion calculated to give offence. It is muck to be regretted 
that these letters were written, as th^ gave dissatisfaction to 
Mr. Stephenson, and eventually, in connection with other dr* 
cumstances, led to my retirement on the completion and erection 
of the first Conway tube. 

All the facts connected with the suspension of the Conway 
tube on the temporary piers, and the diff(;rent tests to which it 
was subjected, were regdarly forwarded to Mr. Stephenson ; 
the letter dated February 2nd, 1848, makes a comparison be- 
tween the experiments made on the full-sized tube and those 
which had been made on the model , the result of this cal- 
culation fully verifies the fornuda wliicli luid been used for 
determining the proportions of the diitereut parts of the tube. 

h2 
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Ut DBikK ScBj Mandiester* Febraary 8nd» 1848. 

On compormg the expeximcnU on t^e Conway tube with that of the 
model at Millwall^ I find, that ao ftEor aa they were carried, its defleetiona 
a&d powers of lestoratkm axe as near as possible the same. 

The whole of the model tube experiments appear to be borne out by 
tliosc on the large scale ; and there can be no doubt but both tubes fol- 
low the same law as rctrards tlic dcHections, and tlic clastic powers by 
which the form a.s well as the position is niauitaiiicd. Tlirough a series 
of distinct expcninents, in the increase of load, I find the niodt^l tube 
followed a constant increase of deflections of one-teni li ot au inch to every 
two ton^ laid on, till fracture took jjhuH- witli SCi [ tons. 

Con»|»anng; this with the ratio of defection as triven in the Conway 
tube, I tind it would sustain a weight of 2200 tons with a deflection of 
80 inches before it broke*. This is with the weight equally distributed 
over the bottom of the tube, and exclusive of its own weight; the ulti- 
mate deflection of 30 inches being however due to the weight of the tube 
and its load of 2200 tons. If I am correct in my calculationsy which I 



* Here kt 9= the ultimate deflection; Is the moment <tf inatia of tiie 
section of rupture ; h=i the distance <tf tb» upper aide of the beam from the 
neutral axis ; S= the force opposed to cmnpresnon, per square im^ aft the 
upper side of the beam ; £= a constant, usually representing the modulus 
of elasticity ; the other notation being the same as at p. 68 ; then we have (see 
Moseley's £ngineeiing, p. o o 7 ) . 

48EI ^ ' 

Now, assuming that this equality obtains at the point of ultimate defleGtu>n» 
we have (see Moseley's Engineerincr, p. 554) 

....... (2.) 

. WM 

^ubstituliug this value uf I in equation (1.), 

48B 49 

_ PS . 
l2Eh' 

■•11 n S I 



Digitized by Google 



DBfL£CT10N, JfiTC. 165 

wiD show by and by, we have a sustaining power of 220U to 250, or in 
the ratio of 8-8, or litariy as 9 to 1. 

Supposi , however, tliat we have a po\M i oi resistance of only 8 to 1, 
we then have a power which nothing in tlir sliape of a railway train can 
injure. I have deduced these calculations tVoni the modd tub^ which 
broke with 86| tons, and a deflection of ■i"88 inches. 

Will you infonn me when you next purpose being at Conway ? 1 was 
thinking of going over i^ain esrly next week ia order to make arrange- 
mento about the pontoona, and to aee that they are equal to their work* 

I am, my dear Sir, yours faithfully, 

Robert Stqthemon, Esq, • William Pai&uaiux. 

In the following letter Mr. Stephenson asserts that " Mr. llodg- 
kiiLson's experiments alone have given the true law that governs 
thi: strength of different-sized tubes.*' Now what this law de- 
duced by Mr. Uodgkinson is, I have yet to learn. For anything 
which I know to the contrary, Mr. Hodgkinson may have com* 
municated something of the sort to Mr. Stephenson, but if this 

henoe faj diroioik we have 

S_P A, 

hot in aunilar tubes, 

A • A • • i • / • 

hence it afipean, that the ulttmate defleetiont of two rimilar tnhea are to 
eadi odier aa their lengdu. 

Moreover tlie delleetion of a beam, when unifonnly loaded throughout, ia 
the aame as tiiott|^ ire-dghAa of that load were eoapended from its middle 
point (Moidey*8 Bngtneering, p. 514), 

lUdng, aa ui the model tube, ^|Ss4*66* and 

/_6 

fry 

then by equation (3.) 

i^i^f »=29-28 inchea, 

which corresponds, very nearly, with the ultimate deflection of the Conway 
tube, given in the above letter. 



Digitized by Google 



166 



CORIl£SPONDKNCK. 



were the case, I never received any intimation of it. Indeed, 
as I liave already stated, Mr. lludgkuihon refused to assist nie 
with hiB mathematical knowledge, and hence the Conway tube 
was Gonatmcted firom fonauls diehved firom my eiqperiiimts 
abne. 

AIy dear Sib, London, February 7th, 1848. 

I only reached London this morning firom Newcastle, when I received 
your pievunii note, upon which I win ipeak to yon verbally. YonaUow 
yonr iieeUngs to get the better of you respedang Mr. Hodgjdnflon, and I 
think improperly; for it ia dear, that hit experimenta alone hm given 
the trae law that governa the atcength of different-aiied tubea. Both 
yoinr plan and my own lor ^^WUtiwg ^ atrength are empirical; bnt 
Hodgkinaon'a eiperimcnta, and hia dedvetaona from them, give the tme 
law with remarkable eonaiatency. 

Beapectmg the gangway, I woold rather tn the first uutanee lay down 
deala. I am glad to hear yon are gomg down to Conway. Ton have 
heard, I conclude, that the liftmg-ciane has broken down, and broken 
some of the heavy girder caatingrs. 

Clarke I believe is in town, but as soon as I see him I will despatch 
him to Wales again to meet you. 

Yonra£uthfol]^, 

fViUiam Fairbaim, Esq. Robert Stephenson. 

M T DBAE Slly Manchwter, February 10lh» 1848. 

I win not troable yon with any ibtnie obaervationa about the eiperi- 
ments ; they have realiied your original conception and that ia auflident. 

I shall not therefore quarrel with Mr. Hodgkinson or any other mathe- 
matician who gives llit law, but coiitine myself exclusively to the com- 
pletion of the work, already 8o well begun. You uiay therefore calculate 
upun my cordial assistance, in bringing the whole to a satisfactory cou- 
elusion. 

I am, my dear Sir, alwaya fiuthloUy yours, 
Robert Bi^plheHMtm, Btq* WtLLiAM Faibbaien. 

On the Monday following the date of the next letter, the 
' tube was raised to its full height i and the hydraulic pumps. 
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which worked admirably, proved themselyea fnlly equal to the 

task tlicy kdd to perform. The liscciit ^vas slow (about 10 feet 
per hour), and with the exception of a series of pulsations pro- 
duced by the action of the pumps, the whole movements were 
petfectly steady and secure. At the oommencemeDt of the 
ascent the workmen exhibited great caution in Yentuiing under 
the tube, but before it had attained a height of 4 feet every 
syiiint iin of fear had disappeared; and, during the time it was 
suspended on the chains, they worked under it at both ends for 
two days in succession. 

The completioa of the Conway tube, and the zigid nature of 
its stracture, gave increased confidence in the construction of 
the tube for the Britannia Bridge. The height of the latter tube 
being considerabl) greater than that of the former, it was sug- 
gested to increase the depth and height of the angle-plates, and 
by these means to stifiEisn the sides, and render the tube free 
firtmi "buckle," and secure as respects the retention of form. 
These suggestions were at once acceded to, and are now inoor* 
porated in the formation of the Britannia tubes. 

A few days antecedent to the writing of the following letter, 
a conuuunication from Mr. Bidder appeared in the Manchester 
Guardian, censuring in severe terms a paragraph which had 
appeared in that journal, and contending that Mr. Stephenson 
was alone responsible for the success or fiiiiure of the under- 
taking. Tliat communication, owing to its manner, style, and 
language, did not seem to require any further reply than that 
which was given by the editor of the * Guardian.' 

Ht 1>«A» 8i», April 6tb, 1848. 

I expected to have found you here, as a letter from Mr. Lee informed 
me that the tiain would wait your instructions on Tuesday last. Every- 
thing goes on satisfoetorily, and we expect to have all the niaing appa- 
FRtae eomplete by Saturday, and ready for faiatog on Monday or Tuesday 
next On either of those days, if not otherwise engaged, we could wish 
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to see you here, but it is not abaolutely necessary, as everything appears 
to be of the beat and most substantial cfaanicter. 

There appear to be one or two points in connection with the Britannia 
tubes whidi will require attention, and whidi I have mentioned to 
Mr. Cbrke; the principal of which is to deepen the angle-pbtes of the 
four huge tubes, so as to stiffen the sides, and connect them more rigidly 
with the top and bottom cells, as under : that is, to extend a few of the 
angle-plates, isay at every 20 feet double die Fig. 51. 

distance up and down the X iron on erexy side, 
as shown at a, a, a, a. This would add oon- 
Bidernbly to its ri|ridity and retention of form. 
I am persuaded it is perfectly secure as it is, 
but we are quite in time to do it, uml although 
not wanted, this would nevertheless make 
securiftf donbhj mre. 

1 WMS -^orry to ])erceive an angry letter from 
Mr. iiidder to the editor of the Manchester 
Guanlian, coinplaming of a paragraph pub- 
lished in a previous number, which I knew 
nothing about, and which with all its inac« 
curacies was inserted, certainly wUhout my 
knowledge, Aa stated to you in a previous 
note, it is not my wiah to push myself forward 
in thb matter, and any future notice which may 
appear in tiie public prints, you may rest assured does not emanate 
eUher Hreetly or ntHteetfy from me, I am perfectly content to leave all 
these matters in your hands, and remain. 

My dear Sir, always failhfuiiy yours, 

Hobert HSiqthefuon, Etq. Wiluah Faiebaibn. 

As i;vGfy precaution was nhsolutely necessary in raising the 
tube, it was deemed expedient, in order to avoid the conse- 
quences of accident to any part of the apparatus, to follow up 
the tube in its ascent with wood packings placed under the 

bottom ut each end. Tliis was at tiibt duuo ^nth great care, 
but after attaining the height of a few inches the whole of the 
machinery appeared so perfectly efficient, as to ensure the utmost 
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tjonfidence in the pumps, chains, &c. ; the packings were there- 
fore (liscontiniiod, and the tube was raised to the required 
height, about ieet, without the least accident. 

My dear Sib, London, April 8tii. 1848. 

The Board require me in London on the 12th, Ab aoon after that 
date as practicable I shall come down ; in the meantime you will proceed 
with the lifting;, and I rely upon yonr cantion in keeping the packing 
cloee up to the tube aa it aaoenda. You will of ooone anrange for the 
lifting and the brickwork to go on in atepe, as we agreed upon when last 
at Conway together. 

When the paragraph in die Mandieater Ouardian waa shown to xne, 
I said at onee that I was confident Fairbaini had nodung to do with it> 
and declined taking auy notice of it. Bidder's letter I have not seen : 
it was written entirdy at his own instigation and responsibihty ; for, 
from the first, I have resolved not to mterfere with what editors of papers 
liketowrite. 

Yours faithfully, 

WUUam FmMm, Btq, Bobket Stiphsnbon. 

P.S. Your account of the action of the presses is really deiightfiil. I 
think we shall go on saccessfully to the end. 

I have now brought down this oorrespcmdence to ih» period 
when my official connection with the Chester and Holyhead 
Railway Company, as engineer for the constroction of the 

tubular bridges, may be said to liuve virtually ceased; and 1 
should willingly have passed over in silence the remaiuder of 
the events which transpired, were it not that the completeness 
of the nanative, as well as the justification of my conduct, de- 
mand some explanation. Independently of the regret which I 
experienced in withdrawing from an undertaking to which I 
had devoted so much time and tliought, — an midciUiLiiig iianglit 
with the greatest interest, and which had, as it were, grown up 
in all its magnificent proportions under my own direction, — I 
can truly- say that the disagreement which took place with 
Mr. Stephenson is on my part much deplored. But I trust 
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that the reader the foregoing ])ages will, at least, have arrived 
at the conclusion, that I liacl t aktii the most important part, in 
developing, and in giving a pmctical form to Mr. 8tcpht:usou's 
idea, and also in the superintending the construction and erec- 
tion of tlie fiist Conway tubes. The &ct is, I laboured almost 
inoeaaantly in devising plans, or in watching over the practical 
detaUs of the work, from the day on which Mr. Stephoison's 
suggestion was communicated to me, until the close of my 
engagement ; and I can sincerely say, that I wjis always actu- 
ated by the principle of leaving nothing undone which could in 
any way contribute to the successfid aooomplishment of the un- 
dertaking. K€giu*dless of the prognostications of fiulure with 
which the scheme was assailed, and in despite of the opposition 
of those whose assistance I had solicited, 1 umt'ormly ndvocatrd 
the peculiar principle on which the Ck)uway bridge has been 
constructed. 

Such being my position, and viewiiig the extent of the 
services I had rendered, it will I think be generaUy aDowed, 

that it was very natural tliat I should desire to have my name 
puhlicly associated with Mr. Stej)lu'nson's, as joint engineer for 
these bridges. Indeed it may very fairly be said, that 1 might 
have ventured to claim this distinction, since it had been con- 
ferred upon me by the Board of Directors, on Mr. Stephenson's 
own reconunendstbn*. If, instead of mxce» having crowned 
our efforts, failure had unfortunately ensued, would not my re- 
putation have suffered as well as Mr. Stephenson's? The 
working plans having gone iorth vdth my name alone attached 
to them, and &om my being recognized as the acting engineer, 
might not the whole blame have been conveniently thrown on 
me, in the case of fiiilnie? 

It was not, however, on any of tlujse grounds that I was 
induced to resign my ai)pointment ; for there had not then 
occurred any opportunity where I conceived it necessary to 
have my position publicly recognized, and I had always 
* See extract from die MinuteB ol the Board, p. 80. 
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bdieved, tliat when the proper time came, Mr, Stephenson 
would be the first to establish that position and iick now ledge 
the services I had rendered. This recogiutiun was however 
very shoirtly afterwards denied me. The first Conway tube 
having been oompleted, and the Buocess of the piinc^ esta- 
Uiflhed, I oonoeiTed that the ooBBtruotioa of the 
tabes simply reqtdred a dose attentkin to the 83r8tem of oon- 
struetioii already ;l(1o[)1('(1, and tiiercfurc might safely be en- 
trusted to those gentlemen, whose constant presence during the 
building of the first tube had rendered them thoroughly ac- 
quamted with the whole details of the work. By such an 
amngeinent, mofeoirer, tiie Company would save the amount 
which had hitherto been paid for my sorvioes, and I should be 
enabled to devote my time to other piusuits, wliich I had 
neglected ibr this work, and which now urgently demanded my 
attention. This was one reason for my retirement ; but what 
chiefly led me to this decisioii, was the position assumed by 
Mr. Stephenson, his public misrepiesaitation of the position I 
held under the Company, and his endeavour to reoc^ize my 
services ns the labours of an assistant under his control, and 
acting entirely under his direction. Had Mr. Stephenson, in 
his publio address, done me the justice to state my independent 
daim to some of the most important pimciplefl observed in the 
oonstructiott of the tubes, I might perhaps have continued my 
services until the final completion of the whole undertaking; 
and most assuredly this work would never have come before the 
pubhc. 1 now appeal to the preceding pages of this narrative, 
whether Mr. Stephenson's assertions are borne out by the sunple 
statement of facts. I have overstated nothing,-HX>noealed 
nothing, — and the reader is left to draw his own condusions 
fiuiii these facts, — after having become acquainted with the 
course pursued by Mr. Stephenson, which I will in conclusion 
concisely relate. 
Upon the completion of the first Conway tube, it was resolved. 
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by the geDtlemen and inhabitaiits of the neighbourhood, to 
entertain Mr. Stephenson at a public dinn^, which shonld at 

the same time celebrate the satisfactory conclusion of this gi cui 
engineering triumph. To this diiiuer 1 was honoured with an 
invitation, which I willingly accepted, as no person could be 
more desirous than myself of Joining in thiB mark of respect 
to Mr. Stephenson's character and talents. Some days pre- 
vious to the dinner I however had an opportunity of seeing 
Mr. SU'pheiisuii in Luiulou, aud learned from Imu tiicji, for the 
first time, that there liad been a discussion at the Socii'ty of 
Arts on the subject of the bridges, and that my claims to the 
merit of the undertaking had been advocated as well as his own. 
He farther acquainted me, that the entertamment at Conway 
would give him the desired public opportunity of setting the 
question at rest, and that he intended to avail himself of it. I 
further inferred, from the tenor of his observations, the position 
he was likely to assume ; snd as on such an occasion I w^ould 
not have been justified in expressing anything in contradiction 
to his statements, I determined to excuse myself from being 
present. At the same time I became more persuaded of the 
propriety of closing my official ( onnection with the Company, 
as it was evident that our pursuits were not likely to be con- 
tinued with the same harmony and mutual confidence as here- 
tofore; aooordingly the following letters, commuDicating my 
determination of resigning, were addressed to the Board of Di» 
rectors aud Mr. Stephenson. 

Mt dxab Sib, Manchester. May 16tli» 1848. 

I have been considering for soiiic tmie past what further services I 
could rtiulcr towards the erection and completion of the Britauuui, aud 
remaining' Conway tubes. It apjxars to me that the object for which I 
was cni^aijcd has now been attained, and I shouhl tlicrcforc Hke to have 
your opinion as to the propriety of my retiring from the situation which 
I tiow hold mider the Companyj as aoou after yum* return to town as 
possible. 
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It will no donbt be eqnaUy ocmclosiTe to you as to myeelf, that the 
experiments, drawings, fte. being finiahed, and the firat tnbe in its place, 
what follows, with i^gard to the ramaining parts ot the bridges, is mere 
matter of routine, and may safely be entrusted to the eare and attention 
of Mr. Clarke, and my services consequently dispensed with. I shall 
however, as heretofore, be much guided by your opinion on tlit si- niattcrs, 
as I can assure yon it would not be agreeable to me to continue to re- 
ceive the Conijuiiiy's uiouey unless 1 could render them in return a 
proper equivalent. 

I am, my dear Sir, very faithfully yours, 
Robert SUphamm, Etq, Wiluam FAiBBArnN. 

DxAn Sib, Msnchester, May 19th, 1848. 

Sinoe my letter of the I6th, I have thought fhrdier upon the subject 
of it, and have finally come to the determination to resign my situation 
as engineer along with yourself, for the Tabular Bridges, 

I consider, as stated to yon in my fbtmer note, that I have now ful- 
filled my mission. great problem hoe been eohed, sxid the furthCT 
progress of the works may be left to others having: more leisure than 
myself. I cannot however leave a work of such magnitude autl import- 
ance without feelings of the utmost n sport, and without an expression of 
thnnks to yourself, for the great and unlinuiKlLd conhdence you have all 
{il tii: placed in my judgement. I t i t' i ( d upon the duties I had to per- 
form with a desire and a determination to succeed ; and from the com- 
mencement up to the present time, 1 never lost sight of one object, 
namely, the complete success of the undertaking. The increased and 
unwearied attention which I have given to the subject, has however 
grievously encroached upon engagements to which I must now devote 
my time. I can only say in conclusion, that I shall always be ready and 
willing to render my best services to this or any other undertaking in 
which you may be en^ged. 

I am, my dear Sir, always faithfiilly yours, 

Robert Step/icjison, Esq. William Faikbairn. 

From the inth up to the 2:2n(l no answer was received from 
Mr. Stephenson, and conceiving tliat no reply was intended, the 
following was addressed to the Directors : — 
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OiNTLiMBK, Mttdnrter, Hay 9iad, 1848. 

Having completed the first of the Conway tubes, and those for the 
Britannia being far advanced, it appears to mc that the objects originally 
coutcmplated by Mr. Stephenson, in entrusting to me the expcrimeuts 
for determining the practically hcM form of a tubular bridge ; and yonr 
object in the appointment, winch commuted to mc the further (ievi loj)e- 
ment and working out of th\^ new form of bridge, have been completed; 
and what now remains with regard to the completion of the works, and 
which is now a matter of routine, may with safety be entrusted to other 
hands. I therefore beg to resign the appointment I had the honour to 
hold under the Company. 

I beg to forward a statement of my salary, and other charges up to the 
present tim^ which Mr. Stephenson inll« I have no doubt, duly certify. 

I am. Gentlemen, your faithful obedient Servant, 

7b the Direeton of the Cheiter and Wiluam Faibbaien. 

In the course of his address at the Conway entertainment, 

which took place on the 17th of May, Mr. Stephenson is re- 
ported to have made the following observations : — 

" I believe it will foe expected of me — indeed I shonld feel it improper 
if I were to omit on this occasion detailing very succinctly a few facts 
with reference to the rise and progress of the idea which led to the oon- 
stmetion of tubular bridges— becansei, in doing so, it will not only sffi>rd 
me an opportunity of explaining to you predsdy what the origin was, 
but it win also give me the opportunity of expressmg my obligation to 
those who have so largely aided me in bringing about the reanit which 
we are met to commemorate. It is now upwards of nz, or about seven 
years, since I entertained the idea of constructing bridges with wrought- 
iron plates riveted together. I was eslled upon, — in a smaller case I ad- 
nnt, but not a very simple one — to construct a bridge authorised by Act 
of Parliament, but with such limitations that it becsme a matter of ex- 
treme difficulty. An the ordinary kind of bridges were discussed, and 
I eventually hit upon the notion, and the designs were completed, /t/r a 
thin tubular bridge, ahhough not precisely the same as the present, yet 
ttt principle precisely the same. That was effectually compieted, and 
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antwm ite pwpoee^ and maj be nam aeeon on the Northeni and Baetem 
BaQway. ¥wn fbat timep bowever, to tlie period of eommencing fbe 
Cheater and Holyhead BaOwaj, the idea Mi, or dropped lalher, fat the 
tun^ in eonaeqnenoe of the ezpenae of wionghi-irotn father exceeding 
that of east. On nndeftaking the Cheater and Holyhead Baflway, you 
will all remember that the original deaigna for eroaaing the Conway 
Bmr and the Mend Stnit» were by eaat-tron arehea of very large 
dimenaionBy from 400 to 460 feet span. The enentian of the latter 
worl^ over the Stndt, would have been out, nnder any eirconutances, of 
extreme difficulty, and would have required the utmcMst facilities to be 
aiForded by those interested in the navig:ation of the strait. It is familiar 
to you ull that that prryect or proposal met w itli a strenuous opposition^ 
whether n :i>()ii;iljl«' or vuir( asoiiable it would be very improper in me to 
stop h('i( fn discuss, liur it is MTifficient to my that pari in men tan,' powers 
were granted lor the construction of a bridge over the iintannia rock, 
with such conditions attached to it as rendered it all but, if not abso- 
lutely, impracticable. It waa then, to use a common eaqfueasion, that I 
felt myself ' fairly driren into a oomer.' No existing species of bridge 
waa at all a])plicable under the operation of the Act of Parliament aa 
granted ; and it was after an anxiona inveatigation of every poaaible de- 
aeription of bridge^ thaftit oeeuned to me, that by revwu^ tie old neiton 
mom featt tfgfo, that by extending it, it might enable me to get over 
the dtffieolty. Approximate ealcolationa were immediately made^ and 
the reaoit of thoae cakulatioaa were each aa to satisfy me of the perfect 
feaaibiUty of the work. And I wdl remember^ when going into the 
CoBunittee of the Honae olCommona afterwarda, when a dumge in tbe 
direetion of the line waa applied for, and when the deicription of bridge 
waa to be anwraneed, on explaining it to the committee, and giving it in 
eridenoe^— I wdl remember, I say, the aorpriaeand theincKdahma glance 
that I received from all parts of the room. However, I had satisfied 
myself that the thing was practicable, and I stood by it. As soon as the 
bill was obt^uucd, and it became time tn comniencc, 1 obtained the con- 
sent of the directors to institute a very laborious, and elaborate, and 
cxpen&ive series of experunents, in order, most thoroughly, to test expe- 
rimentally the theory I had fornu:d, and also to add suggestions for its 
full development. It was then that I called in the aid of two gentlemen, 
eminent, l>oth of them, in thrir ])] ofVssion, IMr. Fairbaim and Mr. Hodg- 
kinson. They had both distmgui^ihcd themselves for elaborate series of 
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eiperiiiieiits on cast-iroii bridgeiy md althoogli tliU wis m diffeieiit 
iiiafterial» stUl firam tbenr acoomplishments «nd tkiU, they were weU^iua^ 
lified to aid me in my nManh. They heartily went into it^ and tlie 
reaalt is what you now tee nnder the waUa of your venerable old castle. 
But having mentioned theae two namee^ there ia another gentleman that 
I wish to call to your notice, — a gentieraan to whose taknta, to whose 
seal aud ability, from the commencement of this nndertakingi I ammiudl 
indebted; aad nuiixd tlie full dcvcloiJinunt of the principles of tubular 
bridges is by no means in a small degree indebted to hnu — 1 allude to 
my assistant, Mr. Edmund Clarke, lie has been my closet companion 
from the commencement of tlu- preliminar}' investigation ; no variation 
or inconsistency in the experiments eluded his keen perception ; he was 
always on the look out for contingcnces that might affeet the success — 
though not the principle, still the success— of the undertaking ; and he 
and the other gentlemen whom I have just named, are the three to whoni 
I feel deeply indebted for having brought the theory I first broached to 
aneh perfection, and I thus publidy tender them my acknowledgments." 

The inaccuracies, botli as to facts aud dates in this staturucnt 
of Mr. Stepliciisoii, are very niinicrous. It simply requires a 
reference to the short description of the Ware Bridge, p. 113, 
and to the drawings, to diBprove the assertion, " that it is a iAiu 
tubular hndjfe^ although not precisely the same as the present, 
yet in principle precisely tke same ;* and it can be easily shown 
too, that considering the Ware Bridge as a simple girder bridge, 
it IS exceedingly defective in design. Is there anything new in 
this application of wrought-iron plate girders ? As well might 
it be said that the combination of wrought-iron deck beams, bo 
many years applied in iron ships for the support of the decks, 
is " a counterpart of the proposed cellular top for the Britannia 
tubes*." I really cannot but regret that Mr. Ste})lieiisoii, wlioso 
name will be always associated with the grandest bridge that 
has ever been constructed, should have committed himself in 
making such an erroneous assertion, as that it was by reviving 
and extending his original conception of this imperfect structure 

* See Mr. Stepheusou's letter, p, 114. 
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a^Wm, that he was led to originate the Inidges crossing the 
Conway and Menai Straits. 

Mr. Stephenson's remarks further admit of the disingenuous 
construction, that liis scheme was matured before the bill for 
the Chester and Holyhead Railway was passed by parhament, 
and before I was consulted, and that he was at that early period 
acquainted with tlie piesent design of the bridge. He refers to 
the incrednlous glances which were directed towards hun when 
the dpscripHon of the bridge was explained to the Committee ; 
and mtimates that " it was not until the bill had been obtained, 
and it became necesBnry to commence, that he requested my 
aaaiatance/* Now my advice was asked by Mr. Stephenson 
before his evidence to the Parliamentary Committee was given, 
and he announced his idea to that Committee, strengthened 
more tlian one opinion of its feasibility. Let tlui reader 
turn again to the earlier letters of the correspondence, and he 
will find of what a cmdfi and dangerous scheme that idea con- 
sisted ; how totally disaimilar, in form and principle, it was to 
the present tubular structures, and how slowly Mr. Stephenson 
was persuaded to give up his earliest conceptions. Again, Mr. 
Stepheusou states that lie called in the aid of Mr. Ilodgkmson 
and myself at the same time ; now it is essential to the proof of 
my dauns, that this assertion should be expUdtly contradicted. 
It was I, and not Mr. Stephenson, that solicited Mr. Hodgkin- 
«on'8 co-operation*, and this was not done until I had been 
actively engaged for several months in my experimental re- 
searches^ and after I had discovered the piincipie of strength 
which was offered in the cellular top, and not only proved the 
impracticability of Mr. Stephenson's original conception, but 
had given the outline of that form of tube which was ultimately 
carried into execution. 

Wlien Ml . StL phi iison iiad made up his mind to claim, in the 
manner he did, the whole merit of the undertaking, it is not 

* S«e lettm, pagm 14 and 15. 
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difficult to nndentond lus reason for giving Mr. Glarke-4u9 
own assistant — so prominent a position. I willingly bear my 
t( Rtimony to the great value of the services rendered by Mr. 
Clarke, to his talents, and to the great energy wluch he dis- 
played in working out his several duties, but these had no 
leferaioe whatever to the designing of the structures. 

When the report of the proceedings at the Conway Dinner 
was made pubUc, Mr. Bat^^inan, C.E., voluntarily came forw ard 
to assert my claims ; and in a letter addressed to the Editor of 
the M4mehe9t9r Guardiim, pointed out the inaoeoracifis and mis- 
statements of Mr. Stephenson, to which I have just tefened. 
Mr. Bateman, in his letter, showed the unjustifiable position 
which had been taken by Mr. Steplienson, and asserted, that in 
an engineering work ot" such novelty and magnitude, Mr. Ste- 
phenson woidd not have injured his own reputation, by ac- 
knowledging, in suitable and truthful terms, the ments due to 
those who had rendered him the most valaaUe servioe. It is 
presnmed that there will be no dissent from this opinion. 
Mr. Stephenson replied to this letter, and the tenor of his re- 
marks showed his determination to stand by his pubhc assertion. 
He quoted, firom my letter of the 27th of October, 1846, my 
testimony to his claim of originality in having the applica* 
tion of a wionght^iion tube for the purposes of mOway traffic; 
a great merit which ndthear Mr. Batesnan nor mysetf had ever 
denied to him, and which I havt uHifoimly asserted that he is 
undoubtedly entitled to. But he left entirely untouched the 
point at issue, viz. that it was almost exclusively my exertions 
which g^ve to his conception a useful and practicable form — that 
the experiments which I had ccmducted and originated, showed 
the weakness of the circular tube, which he had originally 
recommended — that I alone showed him the danger of the 
principle which he was anxious, for so great a length of time, 
to carry out, by attaching a flexible catenary to a perfectly rigid 
platform or roadway — ^that from the results of these experiments. 
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I designed and Bubmitted fat Ids approval an entifdy nofvel kind 

of tubular bridge, different in form, different in principle, vastly 
supeiior in economy of material nnd strength, and which was 
finally approved and earned out, and which is now in existence, 
spanning the rapid estuary at Conway, and admirably fulfilling 
the varied lequizements of railway traffic with perfect security. 

The truth of these assertions wiO, I confidently trust, be im- 
pressed upon the iiund of the unbiassed reader of the preceding 
correspondence and narrative. T hope, moreover, that the whole 
will be interesting to the profession, by showing accurately the 
modes of proceeding adopted in carrying out the greatest en- 
gineering work attempted in modem times. 

In the following sections of the work will be found in detail, 
descriptions of the constniction of the tubes, of the means used 
for floating and raising these enormous masses to their places 
on the piers, and of the whole of the preliminary experiments ; 
and I would urge upon every one, interested with the foregdng 
narrative, an attentive perusal and consideration of them. 

It only remains now for me to add, that my resignation as 
engineer to the bridges was ultimately accepted by the Board 
of Directors, in terms very dilici( nt from those of the appomt- 
ment, showing that they evidently leaned to Mr. Stephenson's 
statement. I do not consider it requiate to publish this reply 
to my resignation, as it would simply show how lightly were, 
at that time, valued services which had rendered the Railway 
Company incdculable benefits. 



N 2 
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THE CONSTRUCTION OE TU£ TUBES. 

The experimental inquiry having determined the proper form 
and dimensions of the tubes, it, was iiltimat<;ly arranged with 
the ditfiTcut contractors for their constructioii, that the opera- 
tions should be carried on near to the lespectbe rites of the two 
bridges. Suitable platfinrms and woric-sbope weie erected by 
the Company ; the contractors fixed the neceasaty machinery, 
and in a short time the neighbourhoods of the Conway and the 
Britannia Bridge were the scenes of busy industry. 

The tubes to be constructed had resolved themselves into 
Au^ koUaw ^ders, each baring a series of cells on the top ride, 
azranged so as most effectively to rerist the force of compies- 
BioQ, and another series of c^ on the bottom ride. This cel- 
lular structure of that part of the tube girder, which would be 
subjcctcci to a teuBile strain, was rendered necessary, as will be 
afterwards shown, by the practical difficulties which would have 
been eneonntered, had it been attempted to obtain thereqnistte 
aectionalaiea in a solid mass. 

In an eariy stage of the ])roceedings, it Fig. 53. 
vvu^ deemed essential to have a double tier p_p-,_^ 
of cells (as shown at A in the annexed sketch) ill I I I I X,. 
on the top ride» in order moare effectoally to 
lesist the erashing finces, and to supply 
the required sectional area; and although 
this form undoubtedly offers an admirable | 
distribution of material, some difficulties 

of execution became apparent; and, when — • — , -^L 

fortified with the extraordinary result * of the 
final experiment on tiie model tube, it was resolved to adopt the 

*■ See page 145 tod Appendix* 
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mOTe simple construction of a single tier of cells, the propoilion 
of areas being maintaiiied by increasmg the thicknesses of the 
plates and strips. 

The detail of constmctbn of the tabes for the Britannia 
Bridge is in an respects similar to that of the Conway tnbes, the 
thickness of tlic plates, the heights uiid other dinieiisions being 
in both cases in a certain ratio the same, with their respective 
lengths ; the mode of riveting, and the ratio of the sectional 
areas of the top and bottom, are also in both oases identicaL 

The principal dimensions of the tubes for the two bridges are 
as follow : — 





Britannia. 


Conwaj. 


Total length of tabes Cor both lioet of RiilwAj ... 


1524 feet. 
3048 „ 
460 ,. 

30 ., 

27 „ 

2.1 „ 

14 ft. Sin. 
888000 
1761000 


424ftet. 

848 „ 
400 „ 
25 ft. 6 in. 

22 ft. 6 in. 
14 ft. Sin. 
S46000 
460000 



It will be borne in mind that the Britannia Bridge is divided 
into four spans, the two principal extending £rom the pier 
on the Britannia rock to the piers on either side of the straits, 

and being each 4G0 feet in the clear, and the spans extending from 
these smaller piers to the embankments being eacli 230 feet in tlie 
clear. The bearing on the centre pier is 45 feet, on eacli of the 
intermediate piers 32 feet, and on the abutments 17 feet 6 inches. 
The whole length of the Britannia tubes, if phioed in a line, 
would be about three-fifths of a mile. In both bridges the tops 
have tlie ri>mi of a parabolic cm've, and in the Britannia tubes 
there is also given on the lower sides, a '* camber" or rise of 
from 9 to 10 inches between the points of support on the piers. 
This additional camber is nearly equal to the deflection of the 
tube due to its own weight, so that it is expected, when this 
bridge is completed, that the lower side of the tubes will present 
a perfectly horizontal line. 
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In works of such vast magnitude, it is difficult to ascertain 
with pertect accuracy the amount of materials consuuicd in their 
construction, but tbe following calculations have been made with 
the greatest caie. 



Shmonary of compviei weight of BrUmimm and Omwaiy Bridget. 





PbUes. 


Angle-iron. 


T-iran. 


Rifet-iion. 


Caat-iron. 


Total. 


1 Britannia tube, 274 feet long ... 
3 Britannia tubes, 274 feet long... 
1 Britannia tube, 472 feet long ... 
3 Britannia tubes, 472 feet long... 
1 Tube over pier, 32 feet long ... 
1 Tube over pier, 32 feet loof ... 
Amms and beuu fur Brmnnh 


too*. 
450 

1350 
965 

2895 
64 
64 


ton. 
109 

327 
188 
564 
26 
86 


ton*. 
70 

210 
139 
417 
10 
10 


tOM. 

60 
180 
108 
884 
7 
7 


tons. 

«.*•.. 
2000 


ton. 
689 
2067 
1400 
4200 
107 
107 
2000 


ItBtd wri^t Britnafa ... 


5788 


1840 


856 


686 


2000 


10570 


Fnunea and beamilorConifaj... 


774 
774 


169 
168 


109 
109 


94 
94 


600 


1146 
1146 
600 


Total weight of Conway. 

— 


IfvJfl 




218 




r,m 


■J 892 




7336 1578 


1074 


874 


8600 


13468 


Which gives a grand total of nearijr 13500 ions of iron. 



Fig. 53. 




Sketch showing the prindpel dimennoni of Britannift Bridge. 

Ill round numbers the value of the above total of iron work in 
both bridges, when tixed permanently, may be stated at £.000,000. 

Plate VIII. shows accurately the distribution of the material, 
and the arrangement of the plates in one-half of one of the Bri- 
tannia tubto, and exhibits also the variations in the thicknesses 
of the plates in the different parts of the tubes, as they approach 
and recede from the points of support. These variations will 
be more particularly dwelt ui)oii by and by ; for the })resent I 
shall confine myself to a description of the several parts of the 
tubes, beginning with the 
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CMar Top of ike Tube. 

The top IB divided into eight compnrtincnts (Plate IV.), and 
t]ie top and bottom platfoimsy A and B*, forming these oeUa, 
are composed of platea 6 feet long, and 1 foot 9 inches wide 

throughout, and are Dths of an inch thick in the middle, and 
decreasing in thickness as they approach the piers, where they 
are i^ths of au inch thick. The vertical plates X are of the same 
thickness, and are varied in strength in the same manner as the 
pktCom plates, to which th^ are secoreLy attached by angle- 
irons above and below. The plates throoghont the top are 
carefully fitted with their ends abuttmg against each other, and 
these joints bound together by double covering plates. The 
angle-irons at the corner of the cells, which niutenaily assist in 
the resbtanoe offered to compression, are johited in the same 
manner; the rivets in this portion of the structure are aU 1 inch 
diameter, and arc spaced 3 inches from centre to centre of hole. 
The dimensions of the cells are 1 ft. 9 in. by 1 ft, 9 in., and they 
are sufficiently large to admit the entrance of a man, for the 
purpose of painting and repair. 

The BoU&m of the Tube, 

This most important })art of the stru('ture required the utinost 
thought in the design, and extraordinary care in the workman- 
ship. Its sectional appearaiici; resembles much that of the top 
just described, but the method in which it is put together is 
widely different ; and it embodies several important novelties in 
the arrangement of the plates and system of riveting, to which 
I gave much anxious consideration, and which were only arrived 
at after frequent experimental tests. This poit of the tube being 
subjected solely to a tensile or tearing strain, the great aim to 
be attained in the disposition and arrangement of the materiab, 
was uniformity of strength; that is, the whole bottom was 

* Sec aldo Plate VIII. figs. 2 and 8. 
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necessarily couiposed of an infinite number of small 
pieces joined together, that the joinings of any two of 
these pieces should approach as nearly as possible in 
Btrengtb to that of the body of the piece itself. It is 
evident tliat H was a oonrideratbn of nradi import* 
anoe, that the number of joints shonld be as few as 
possil)l(\ and the ])latcs as large a-s could conveniently 
he roiled ; and after some diiticulties we succeeded in 
obtauiing the plates all 12 feet long» or double the 
length of those used in the top*. The next point was 
to obtain the required sectional area, and to accom- 
plish this it was found requisite to make the B and E 
platforms (Plate VIII. figs. 4, 5 and 6) of double 
plates, which were so arranged that every transverse 
joint of the upper layer of plates of either platform 
came exactly over the middb of a plate of the layer be- 
neath ; thus (fig. 54) ; and these jointe were again co- 
vered on the open side by a plate of the same width, 
but increased ihickiit^ss , as tiiose which it came in contact 
with, as shown at a d, tig. 54. The system of riveting 
observed in the bottom of all well-made tubular girders, 
is very different from that followed in most other 
stmctores of wrought iron, and it is of so much con- 
sequence as regards the security and strength of the 
bridge as to merit a careful description. Tlie tendency 
of strain on the lower side of the tubes is to sei)arate 
or open the jointe, and on the upper side to force them 
doeer together. It follows, therefore, that m the one 
case the plates should be most firmly bound together 
longitudniaily, and in the other that the ends should 
be accurately butted against each other, and only 

* We me mainly indebted to the great practical akiU and 
attention of Mr. Thomeycroft of Wolverhampton, for the excel- 
lence of these large platee. 



Fig. 94. 
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such a covering plaic iiitrodnccd as would prevent these ends 
" buckling up " and sliding past one another. The system of 
unitiDg the plates of the bottoms of the Bhtannia and Conway 
tabes I have denominated chaitHioeHn^t from the foct of the 
rivets being placed one behind the other in the Une of the length 
of tlie pliites, giving them the appearance of a chain. The loss 
of tensile strength of any plate weakened by the perforation of 
rivet-holes, is in exact proportion to the transverse sectional 
area punched out ; and the saving of strength gained by the in- 
troductbn of ehain-riveting will be appreciated, when it is 
stated, that the plates forming the bottoms of the two bridges are 
only weakened by four holes across each })lace inst^md of ten or 
twelve, which would have been requisite had the old plan been 
followed. The covering plates on the bottom are all 2 feet 8 
inches long, and are of such thickness that the tube is rendered 
as strong at the joints as it is at any other part. In fact, the 
chain-riveting has enabled us very nearly to attain a de- 
sideratum of equal strength in all parts of the structure ; and 
I believe that rupture would be as likely to take place through 
the solid body of the plates, as at the joints, when the structure 
is on the point of yielding. The vertical pbtes which form the 
divisions of the cells are all riveted in the same manner. This 
system is accurately shown in Plate V., which gives a drawing 
of a part of the bottom of one of the Britannia tube^. The 
bottom cells are only six in number, and their dimensions are 2 
feet 4 inches by 1 foot 9 inches. 

The thickness of the plates forming the D platform varies 
from Aths at the middle of one of the large spans to i^ths at 
the ends. Those for the E platform are similar. The tliick- 
ness of the vertical })latcs is -iVh^^ in the middle to -j^ths at 
each cud. The rivets in the two pUttbrms are all l^th dia- 
meter. 
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The SideBofike Me, 

I have always regarded tliese parts of the structure simply, us 
the medium of coniiexion between the top and bottom parts 
of the tube, which are obviously subjected to the greatest strain. 
Although not taken into account in the calculation of strength, 
they nevertheless are too important to be neglected, and require 
the utmost care and aceuracv in their construction. It is neces- 
sary that they should possess rigidity, tenacity and lightness. 

Ail bodies, when submitted to a transverse strain, have the 
top particles compressed, into a small compass, and the bottom 
ones separated wider asunder. The two opposing forces, thus 
brouglit into action, become more powerful the further they are 
removed from the line of the neutral a,ris, a pomt where the 
force of compression terminates, and that of extension begins. 
This neutral line is much more easily fixed and ascertained in 
wTought-tron tubular girders, owing to the peculiar nature and 
distribution of their material, than in other bodies having a more 
solid structure, and com]K)se(l of more fragile materials. It hence 
appears, that the depth of a girder is one of its most important 
features, and that in all such structures the great body of tlie 
material should be , distributed considerably apart from the 
neutral axis, and that there should be no more material in the 
connecting sides than is simply necessary to keep the tube in 
shape. 

In the Britannia aud Conway tubes, the sides are, in my 
opinion, stronger than are necessary. I consider that pktes i^ths 
and fths of an inch thick, strengthened as at present with the 
~f iron coverings to the joints both on the inside and outside, 
would have given sufficient rigidity and ensured the security 
of the bridges, and indeed the original designs contemplated 
these proportions. The side plates were however subsequently 
used nearly double these thicknesses, owing partly to the sug- 
gestions of Mr. Hodgkinson, and partly to the very proper con- 
sideration, that in a new and untried structure, the ^sadvan* 
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tagcs arising from the increase of weijjht were as nothing com- 
pared with the certainty of strength and security of the under- 
taking. It was very properly determined, that no part ot tho 
work should be deficient, and that no risk should be incurred, 
even though a few additional tons of material should be used. 

The sides of the tubes in both bridges are oomposed alter- 
nately of three and tbia plates in depth, 2 feet wide, and vary ing 
in thickness from i^ths of an inch in the middle to }{?tlis as 
they approach the points of support (see Plate IV. tig. 2). At 
distimoea of about 10 feet from the piers, the side pktes are 
however again increased in thiekness, and much stronger T 
irons, or rather pillars of that form, composed of a thick plate 
and stioiig angle-irons, are riveted over the joints, as shuwu iu 
the annexed sectional sketch at a, a. 

Fig. 55. 




This arrangcnunit and distribution of the material is obviously 
necessary, on account of the ends on the piers having to sup- 
port the enormous weight of the tube. In addition to these 
precautions, massive cast-iron frames axe introduced at the 
bearing points on all the piers, which tend much to keep the 
tubes in form, and tu give irreat soHditv to the whole structnre. 
These cast-iron supports, and the manner in which they arc 
attached to the tubes, are accurately shown in Plates I. and II. 

The T irons are firmly riveted over the joints, with 1-inch 
rivets, B inches apart ; and the ends of the plates, or cross joints, 
are *' butted" and covered with plates, in the same manner as 
those on the to}) cells. The drawings show the manner in 
which the interior T irons are bent ronnd in order to get a firm 
hold of the top and bottom sides of the tubes. See sectional 
views in Phites IV. and VI. 
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THE FLOATING OF THE FIRST CONWAY TUBE. 

The transport of a huge mass of iron 412 lect long, 25 feet 
6 inches high, 15 feet wide, and weighing not less than 1300 
tons^ was a task of no ordinaiy difficulty. No former effort 
with which we are acquainted, can, I think, be said to have 
equalled it, when the unwieldiness of its form, and the extra- 
ordiiiHi} natural difficulties to be encountered are taken into 
consideration. Many of the works of the andents arc stupeu- 
dons in conception and colossal in dimensionB, and it has been 
a constant matter of inqniiy, in what manner a people, ignorant 
of the mechanical appliances which we possess, could nuae 
structures which have resisted all the inroads of time, and which 
are to the present generation objects of awe and admiration. In 
more recent times the transport of the immense granite block*, 
which fonns the base of the statue of Peter the Great at St. 
Petersburg, was looked upon as a most extraordinaiy achieve- 
ment, bat it cannot be said to haire been so formidable an un- 
dertaking as the moving: of the Con\¥ay tube. The granite 
block was a compact mass, beuig 42 feet at the base, 21 feet 
thick, and 17 feet high, and capable of being moved on rollers, 
ftc. to the raft which earned it down the Neva to the site of the 
city ; but in the case of the Gonwajr tube, after the most anxious 
consideration, and when numerous schemes and proposals had 
been weighed, examined and rejected, that of floating the mass 
on pontoons or barges was decided upon as the most ieasible and 
most secure, the centre of gravity being, in this case, necessarily 
raised several feet. In addition to this disadvantage, the whole 
had to be handled and manoeuvred, m probably the most diffi- 
cult tideway in Europe, where the current rushes tlirough a 
narrow gorge of great depth to till the broad expanse of the in- 

* Thb large block, wdgfaiag 1500 tons, wu tmuported fimiii a nomt 
to tlie banka of Hie Neva, a distuice of tve miles, and then embeiked in a 
voMdi or pontoon pfqpaied for the |iuzpoee. From tihence it was floated down 
the lim to the apot whcie it now atande. 
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land bay, at a rate of six to seven miles an liuur ; and the utmost 
nicety had moreover to be observed iu bringing the tube to its 
place, as there was only a dearanoe of 12 inches ; that is, the 
distance between the opposite masses of masonry was only 12 
niches greater than the length of the tube. All these obstacles 
inu) well be termed foruiniablc ; and I therefore conceive that 
the utmost praise is due to Mr. Stephenson, for the admirable ai- 
rangemeuts and contrivances, which rendered the first attempt 
at so gigantic an operation perfectly successful. 

For the construction of the tube, and to afford facilities for 
its transport, it was necessary to select a site as near as possible 
to that of the intended brid^j^e. It was further necessary, to 
make a selection suitable for the construction of a platform, 
which would admit of the entrance of the barges or pontoons, 
which were intended to carry the tube to its destination; after 
carefiil inspection, the place fixed upon was a point between 
high and low water marks, at a distance of about 800 yards 
from the site of the bridge. The hne of beach is there com- 
posed of schistus (slate) rock, affording a perfectly soUd 
foundation, and capable of sustaining any amount of weight. 
When the first Conway tube was completed, and before the 
platform or scaffolding on which it was constructed was removed, 
a temporary stone pier was built under each end at the exact 
distance of the span, 400 feet, and upon these piers, aft^er re- 
moving all intermediate support, the tube was suspended. In 
order still further to test its soundness and strength, 300 tons 
of iron were placed aa nearly as possible in the middle of the 
tube, and the observations made during this experiment will be 
found hereafter recorded in th.* Ap[)endix*. 

In building tlic piers, which were to support the bridge, the 
masonry was so arranged that a solid shelf of stonework was 
left, at a height of about 3 feet above ordinary high water-mark, 
to receive the ends of the tube on its arrival firom the platform, 

* See experiment in the Appeodix. 
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for it was olmously necessaiy that the transport should he made 

just before higli water, in order that the ends might, wlicn afloat, 
be ahowe the level of the shelf, and that as the tide receded the 
pontoons would leave the tube*. Openings were left in the 
sides of the piers to admit the tabes, and of cooxse that furthest 
from the site of the pbtfoim was fixed first. 

The pontoons wen constructed of wood, and were six in 
number, each being 100 feet long, 25 feet beam, and about TO 
feet deep they were of rough construction, bemg intended tor 
temporary purposes, but in other respects they were perfectly 
substantial, and well-secuied with proper kelsom, stays, Imices, 
and were all covered with water-tight decks. They jouitly 
offered a displacement of 2400 tons, but the depths of the sides, 
flat bottoms, &c. gave them u sutticient buoyancy witli a com- 
paratively small draught of water. The haulage of the tube was 
effected by means of capstans fitted on boaid the pontoons, and 
no kind of steam power or towmg was used during the opera- 
tions. The whole of the mooring-chains and hawsers, &c. were 
adiuirably distributed by Captain Cluxtou, ll.A'., of whose 
valuable services Mr. Stephenson availed himself, and who was 
throughout most inde£Eitigable in his exertions. 

The first Conway tube was floated to its destination on Mon- 
day, March 6th, 1 848. The pontoons were floated under the tube 
early in the day, three at each end, and the hawsers having been 
properly attached to the several capstans aiul luooniig-ciiaius, 
the whole was ready for moving iis soon as the tide was found 
sufficient. The weather was most propitious, md a fine spring 
tide running up the estiuiy of the Conway ; the whole was under 
weigh soon after eleven o'dock, and in less than three quarters 
of an hour the tube was safely landed on the abutments. This 
fact alone w ill speak for the care bestowed and the c()iii])kte- 
ness of Mr. Stephenson's arrangements but it will be readily 

* The pontoons were all provided wiHh valves, which allowed water to be 
admitted for sinking them the moment the tube touched the shelves. 

O 
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conceived that it was a niomcnt of iiitcuse anxiety and suspense, 
when it was shouted that " it was moving/" and all will under- 
stand how nanowly eveiy movement was watched until safety 
was oertain, by the toucfaiDg of the ends of the tube on the mar 
somy. Then the whole of the immense ooneomrae of people 
assembled gave some hearty cheers, expressive of their dehght 
and satisfaction, and all who had felt the weight of responsi- 
bility were deserving of the congratulations which they reoeived 
at this suocesflfiil aooomplishment <tf their plans. It may again 
be asserted, that this hasardous and difficult process of floating 
was executed in a moat masterly manner. 

THE RAISING OF THE TUBE. 

There onfy now remains for me to deschbe the last import- 
ant, and fortunately equaUy successful operation of raising the 
tube to its final position,— one attended with some risk, and 

rec[iiuiiig no small degree of skill and resolution to carry into 
eftect. The suggestions and the means devised for this piuposc 
may be considered as the joint production of Mr. Stephenson, 
Mr. Clarke and myself; for it will be remembered, that in de- 
scribing the process which I recommended to Mr. Stephenson* 
it appeared that a similar idea hadoocurredtohimself about the 
same time*. My first notion was to apply the hydraulic power 
on the underside of the tubes, and having elevated them at each 
end to a height corresponding with the length of the ram, then 
to fill up the recess by building up the masonry under the tubes, 
and thus by a sucoession of st t ps and lifts, to raise them to the 
required height. 

This process was imdoulitedly applu able in the case of the 
CJonway Bridge, where the tinal position of the tubes was not more 
than 18 feet above the high-water level; but at the Britannia 
Bridge, where an elevation of not less than 120 feet was required, 
it was obviously tedious and objectionable. After several con- 

"i* Sec letters, pages 92, 93 and 94. 
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suhatioiis it was finally agreed to use pcmerfnl clianis, and to 

fix the liydniTilic pimips on the tops of the piers. This point 
being determined, plans were immediately prepared, and the 
arrangement, which was suggested, is shown in the accom- 
panjfing sketch, where there are two hydraulic pomps, B B, 



J 




Fig. 56. 



resting cm the lai^ cast-iron girders A', which wer^ pro- 
posed to he iSimly built into the masonry. A powerful cross 
head, B, connected the heads of the two rams of the pumps, 
and to this cross head was to be attached a single chain, C, of 
immense strength, intended to lay hold <d. each end of the tube 
exactly in the middle of the large cross beams, as shown at 
G 6, Ac., Plate I. and 11. The two presses were to act sbnul- 
taneouflly ; bat in Hen of this arrangement, it was suggested 
by Mr. Stephenson and Mr. Clarke, and finaUy carried out, 
to employ a single and larger hydraulic pump with two sets 
of chains. This apparatus is shown in the drawings. But 
anotiier great difficulty remained to be overcome, and it was one 
which presented itself to my mind with great fbrce, vis. in 

o2 
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what iiianiu r the enormous weight of the tube was lo be kept 
suspended when iifti'd to the height of feet, the proposed travel 
of the pump, whilst the ram was lowered and again attached 
for the purpose of making another lift. Much time was occupied 
m scheming means for accomplishing this object, and after 
examining several projects more or less satis&ctory, it at last oc- 
curred to me, that by a partuiil ir I inuition of the links, we might 
iiiako the chains thL'niselve8 support the tube. I proposed that 
the 1()W( r part of the top of each link (immediately below the eye) 
should be formed with square shoulders cut at right angles to the 
body of the link thus (fig. 57), and as shown at T, Fig. 67. 
Plate IT. When the several links forming the 
chain were put together, these slioukK r.s toi mcil 
the hearing siui'ace or "hold" fur the cross 
head C attached to the top of the ram B of the 
hydraulic pump. But the upper part of this 
cross head was moveable, or formed of "dips," 
/, /, / (Plate II.), which fitted the shoulders 
of the chain, and were worked In means of 
right- aud left-hand screws, as shown in the 
drawings, and could be either made to "dip" the chain im- 
mediately under the shoulders, when the ram of the pump 
was down, and a lift about to be made, or be withdrawn at 
plciusurc. Attached to the large girders A.,, were a corre- 
sponding set of sliding "clips," which were so placed and ad- 
justed as to height, that when the ram of the pump wa^ at the 
top, there was a distance between the two sets of " clips" equal 
to twice the length of the tiayd of the pump, or the length of 
two sets of the links of the chain. To render the action of 
the apparatus more clear, siij)]xj^L the tube resting on the shelf 
of masonry M, Plate TT., in the position that it was left in, after 
the operation of floating was completed and the chains attached, 
nnd everything ready for the first lift, the ram of the pump 
being necessarily down. The upper set of clips, i, ?, i, /, 
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attached to the (.ross head C arc forced under the shoulders of 
the links, and the lower set of elips, i, i, i, i, attaclied to the 
frames resting upon the girders A-j are drawn back, so as to be 
quite clear of the chain ; the pumps are put into action simul- 
taneously at both ends of the tube, and the whole mass is slowly 
raised until it has reached a height of 6 feet from its origmal 
resting-place, nie "clips" attached to the cross head C have 
so far been sustaining the weight, but it will be observed that 
by the time the pump has ascended to its full travel, the square 
shoulders of another set of tinks have come opposite to the lower 
"dips" on the girders A2, and these dips are advanced under 
the shoulders of the links, and the rams being allowed to de- 
scend a little they in their turn sustain the hiud and relieve the 
pumps. The upper clips being withdrawn, the rams are allowed 
to descend, and after another attachment a further lift of 6 feet 
is accomplished, and thus by a series of lifts any height may be 
attained. 

The fitness of this apparatus for its work was admirable, and 
the action of the presses, as Mr. Stephenson termed it in his 
letter to me, delightful*. At the commencement of the raising 
of the first Conway tube, it was discovered that a violent pulsa- 
tion was occasioned, from the simultaneous action of the steam* 
engine pumps at each end. These pulsations produced an un- 
dulating motion on the suspended tube to the extent of a de- 
flection of 1'25 to 1' 4 mch, a deflection efjuivalent to the effect 
of a weight of nearly 1-0 tons laid on and taken off at each 
stroke of the pumps. This shinning action continued to be 
multiplied, until the speed of one of the engines was reduced, 
and the strokes of the pumps rendered alternating. 

* See letter, April 8tb, 1848, p. 169. 
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DESCRIPTION OF THE PLATES. 

Plate I. exhibits two sectional views of the masoniy of the 
pien and the appaiatuB for liftiiig the tubes. Pig. 1 represents 
a transverse section at the end of one of the tubes, and the 
hydraulic pumps, chains, &c., which are common to both ; and 
fig. 3 represents a transverse section at the middle of the tube, 
the arcliitectiire of the abutment and the appearance of the 
bridge when finished. 

Plate n. is a side view of the cylinder and ma, and firom 40 
to 50 feet in length of the tube, including the rolkcs and Gross 
beams for supporting the ends upon the bed plates and the brass 
balls above. 

In the sectional view, Plattf 11., it will be observed that the 
hydraulic press H had to be supported upon four large cast-iron 
beams A|, A^. The two principal beams marked Ai wm 
4 feet dec^, and calculated together to support a load of 1400 
tons in the middle*, or 2800 tons when distributed over their 
surface. To effect that distribution, and to make allowanco for 
any unforeseen defect in the castings, two other beams, Aj, A^, 
each 2 feet 6 inches deep, were laid upon the top of the beams 
A|, and by means of a linmg of soft wood between them an 
equal distribution of the load was obtained. This arrangement 
for the distributiuii uf the weight over the smlacii of tiie cast- 
iron bearing girders gave ample security, and raised their 
powers of support from 2800 up to nearly 8600 tons, more than 
three tunes tiie actual weight of the tubef. These piecautiana 
were however absolutely necessary, as the large beams had to 
sustain the shocks caused by these undulations, already deacanbed, 
and hence the necessity of their supenur strength. 

* Each of the A| beamt wu calcnktod to » hreskiDg weight of 700 tons 
in the middle, or 1400 tons equally distributed over ita snifiwe. 

t Hie gieftteet deflectioa of these giiden wm only *108 inch, when the 
tobe, chains, pleases, &c., weighing 1360 tons, were aaqieiided from them. 
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On the top of the imnB was placed the cross head G, having 

a perfectly flat surface on the top side, and two Tcctangohir 
openings at each end to admit the chains T» T passing tliiough, 
as shown at a, Plate IL ; also two circular holes at h moving 
upon the slide-ban which were attached to the cross beam 
D to keep them steady. 

To each endof thetabe three strong oast-uon frames, E^E,E, 
&c.. Plates I. and IL, were riveted, and to these again were 
fitted the transverse beams F, F, F, &c. collectively, forming 
three strong frames of the height, width, and interior dimen- 
sions of the end of the tube. These frames had a double duty 
toperfarm/---lst» to stiffien the sides, top and bottom of the tabe, 
and to connect them with eadi other at the point where it 
rested on the piers, and had to sustain a pressure of from 600 
to 700 tons ; and 2nd, to receive the cross beams G, G, to which 
the fthftiwfl for nosing the tubes were attached. 

These latter beams were computed to sustain a load of 3000 
tons and upwards ; and the more effectually to equalise the pres- 
sure upon them, wrought-iron keys were inserted at e, 6, 
between the cross beams and the shoulders of the side frames 
E, E, which also had the effect of regulating and rendering 
uniform the tension of the chains. By these means was obtained 
a power of giving to each beam its equivalent share of the 
load. 

In giving rigidity to each end of the tube three distinct ob- 
jects had to be accoiiiplisiied : — Ist, to strengthen the sides at 
those parts, and to protect the upper and lower cells from in- 
jury; 2nd, to strengthen the lower cells and to render them 
^^i^aipv^tft for sustaining the weight of the tube when resting 
wholly upon its base ; and lastly, to make the whole of these 
parts of sufficient streni^tli to resist the stram, whether arising 
from a vertical pressure upon the bottom, or iiuni a tensile 
strain when suspended by the chains and hydraulic pumps. 

AH these points had to be carefully considered, and hence 
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foQawB the insertioii of the strong cast-iron finmes £, £, &c,, 
which acted alike as piUars and Bospendere, and the cross-beams 

F, F, &c., which distributed the pressure along the under and 
upper sui-face of the cells, thereby equalizing the strain iu almost 
every direction over the interior as well as the exterior portion 
of that part of the tube. 

The cast-iron frames d, d, d^ d, &c. which emhfaoe the vertical 
divisions of the lower cells, extend to a distance of 4 feet beyond 
the bearing of the tube, wliere tliey tcrmuiate on the sides of 
the plates, with a thin edge like a wedge, as shown at //, Plate II. 
By this arrangement a strong and perfectly rigid basement was 
introduced at the points Of greatest pressure, without obstruct- 
mg the entrance into the cells, <ff in any way impairing the 
efficiency of the tubes. 

In the upper cells, which are not subject to pressure, the samo 
precautions were not required, since it was found that the top 
cross frames, F, F, were amply sufficient to protect these cells 
from injury during the process of lifting. 

In addition to the two large beams. A, and A^, for support- 
ing the hydraulic press, two strong beams, R, Plates I. and 11., 
were built into the side walls, on each side oi tiie recess, to pre- 
vent the unusual strain of such enormous weight fractiu'iug the 
masoniy, and sUding off in the shape of a wedge. Besides these 
beams, six other transverse beams were inserted at /, /, /, &c., 
eanying the cast-iron troughs /, /, &c. which held the gun-metal 
balls on which the upper part of the tube was supported. Ou 
the back or top of the upper troughs rested the ends of six 
strong auit-iron beams, /<, A, &c. These beams crossed each end 
of the tube at a distance of 3 inches from the top, and by means 
of an equal number of screw-bolts, riveted to the sides of the 
tube, the required weight could be thrown upon the balls already 
described. A very slight consideration of the nature and objects 
of the apparatus will show that the tube was not only supported 
by the top as well as the bottom, but oue-half of the weight, 
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resting upon the balls, gave additional security to the vertical 

position of the tube, when ad\ ;mriiig or retiring from the towers 
by tlie cxpansiou or contraction oi the metal, as the case might 
be. At the other end, which was stationary, tlie same principle 
of support was employed, excepting only the absence of the faaUs 
and roUers, whicSi in this case were not required. 

The bottom of the tube at the moveable end was supported 
on the bed plates /«, aw, and between them were two frames con- 
taining chilled rollers, 48 in number, and G inches in diameter, 
on which the top plate, and along with it the tube, moved with 
the same fecility as on the balls above. 

Plate m. represents a ground plan of the abutments and 
towers L, M, and ^ves a view of the top side of a })ortion of 
both the tubes, togetlier with a ground plan of the liydraidic 
press, chains, &c., exhibiting their position, and the machinery 
by which the tubes were sustained during the time of lowering 
the mm for the succeeding lift This apparatus consisted of two 
distinct sets of clips, one for embracmg the links upon the 
cross-head of the rani diuinj^ tlie time of lifting, as showii at C, 
Plates I. and II., and the other for supporting the weight of the 
tube on the frame N until the ram and cross-head were lowered 
to a position ioe seizmg the next link. 

These changes were easily effected by the simple process of 
screwing the clips, which slide upon the cross-head C, close 
upon the chains, when the tube had to be raised ; and by a 
similar movement of the chps, which slide upon the frames N, 
they were drawn under the shoulders of the links, and by this 
means the tube was held suspended until the dips on the cross^ 
head were opened, and the ram lowered for the succeeding lift. 
Tliis was done in a few minutes ])y the wheels and [)inions 

i't Jhy which opened or closed the clips by right- and left-hand 
screws, which working in brass nuts were attached to each^ 
block. 

From this description will be seen, the perfectly simple and 
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efficient nature of the apparatus, and also the facility with which 
the top links at 0 could be moved, or rather dragged forward, 
along the top of the tower, duiing the ascent of the tube, with* 
<mt disjointing the links. 

Plate IV. ezMbits in fig. 1, a section of one of the BritamuA 
tubes, taken within a few feet of the middle pier, and drawn to 
a scale of a quarter of an inch to a foot. It crives a correct and 
clear conception of the siae of the tube lu comparison to the 
looomotive engme which is passing through it. Fig. 2 is an 
interior view or longitudinal section of the tube, taken through 
a line intersecting the tube down the centre, from one end to 
the other. It will not be necessary to describe these parts, as 
they liave already been under consideration, and require no 
further coinmeut. 

Plate V. gives a correct idea of a part of the bottom platlbim, 
showing the covering plates over the joints, the mode of riveting, 
and the T-irons which extend down the sides, and bend round 
upon the bottom, as already described. At eveiy foiu*th rib, or 
at distances of 6 feet, two strong cross plates, J an inch thick 
and 10 inches deep, extend across the bottom of the tube, and, by 
means of angle-iron, are riveted to the bottom, and also to the 
T-irons whidi run up the sides. These cross plates are inserted 
for the purpose of stiffening the bottom, and for receiving the 
timbers a, a, &c. on which the longitudinal sleepers and rails 
are fixed, and which form the platform or permanent way. 

Plate VI. represents a part of the interior, and cross section 
of one of the cells of the Britannia tube. It is drawn to a scale 
of 2 inches to thejbot, in order to give a dear and comprehen- 
sive view of the connection of the sides with the top ceils, and 
the position of the covering strips, au^le-iroiis, rivets, &c. Fig. 1 
is a correct section of the first cell A, and a portion of the second 
cell B, with the vertical covering plates a, a, a, a, which are again 
shown in fig. 2, at b. The angle-irons c, e, c, c, Ike, nm longi*- 
tudtnally along the whole length of the tube ; and these, as well 
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as the strips d, d, d, &c., fi^. 1 and 2, having to resist oompiKS- 
sion, are formed, as idieady stated, of sqxiare or butt joints, 
nicely fitted and Urmiy riveted to the plates on every side of the 
cells. Tlie T-iron, ^, e, e, e, as already described*, oovers the 
jfmits of the side plates of die tube ; they are 2 feet apart, and 
being securely riveted from the top to the bottom over each 
joint, they form collectively a series of crosses or columns ad- 
mirably adapted for stiffening the sides and retaining the whole 
fabric in form. At each jomt, the interior T-irou, instead of 
terminating with a shoulder under the ani^iron, as shown at 
/on the outside, is bent round to the extent of the two outside 
cells, as at and by a double triangnkr plate C, riveted to each, 
a series ot' strong brackets are foniicd, capable of resisting any 
twist or strain to which the tube may be subjected. The same 
connecting brackets are attached to the T-iron at the bottom, 
but eactending to a greater height up the sides, to prevent the 
kteral deflection of the roadway. Pig 2 exhibits the interior of 
one side of the top cells, and a part of the interior of the sides 
of the tube, between the T-irons and brackets. 

Plate YU. represents a perspective view of a portion of one of 
the tubes, resting upon the Britannia tower. It exhibits the 
divisions of the upper part of the tower, as at A, A, A, and the 
recesses below, G, G, through which the tubes are raised, by the 
force of the hydraulic pumps. These pumps are intended to l)c 
sustained, and placed upon the large cast-iron beams B B, wlncli 
are similar in form and strength as those used at the Conway, 
and marked Aj and A^ in Plates I. and U. The wall-boxes 
D, D, are insertod or built into the projecting parts of the piers 
on each side, and also in the middle, for the purpose of running 
three large beams uiurkcd K, which, on the arrival of the tube 
at the proper height, are thrust under it through the cells a, a, a, 
&c. at each end; and these, along with the masonry of the in- 
terior of the tower, constitute the support of the tubes. Upon 
* 8«e dMeription of the tides, p. 189. 
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these beams, and the iiiasoiirv, arc boxes and plates of cast-iron, 
which form the bed of the tube, fixed pcnimiieiitlv in the midcUo 
tower, but on the marginal piers,, and land aliutmeiitij, rollers 
and brass balls are attached, above and below, to admit of the 
expansion and oontraction of the tube, the same as described 
and shown in Plates I., U. and III. for the Conway Bridge. 
Immediately below the w;dl-boxcs D D, and the large beams B, 
which supiwrt the weight of the tube, are the longitudmal beau is 
F, F, which are imbedded in the masonry to an exttmt of 8 or 
10 feet from the &oe, on each side, and prevent the enormous 
pressure of the tube, when supported from these parts, crushing 
down the masonry, and endangering the safety of the tube. 
The short transverse beams l'\ of which there are sue on each 
side of the tube, are for the puryyose of receiving the trough and 
brass balls H, and on which half the weight of the tube is sus- 
pended, by the cross-beams and screw-bolts at G. This part of 
the apparatus does not, however, apply to the Britannia tower, 
but only to those at the edge of the water, and the land abut- 
ments, where the expansion and contraction take place. On 
the BnUuinia tower the tube is a lixtuie, and it advances and 
recedes from that point to the land on each side. Of the tube 
itself, an accurate view is here presented, showing its exterior 
and interior form. The cells at the top and bottom, as well as 
the railway platform, gussett-plates and other parts, are clearly 
sho^ni, and T trust we may indulge the hope tliat the magnitude 
of the design and the nature of the structure will be clearly and 
explicitly understood. 

Rate Vni. fig. 1, is an elevation of one-half of one of the 
tubes of the Britannia Bridge. It consists of a vast number of 
plates, angle- and T-iron, riveted together, and exliibits the 
length, breadth, and tliiekuess oi each plate, as well as the gene- 
ral dimensions of the tube. The two first are represented by the 
lines on the drawings, and the thickness by the figures 
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Figs. 2 and S exhibit the arrangement of the phites, which 
form the platforms of the tipper and lower sides of the cells, on 

the top of the tube, aiiti wiiich in the working chawings are 
denominated the A and B platibrius, as shown in the section at 
fig. 6. 

Each of these platforms b composed of pktes vaiying &om 
ft to if ths of 8D inch in thickness. They contain eight plates 
in width ; and to the edges of each row of plates, of both top and 
bottom platforms, arc rivuted the angle-iions of the X tii vision 
plates, which also vary horn to ^ths of an inch in thickness ; 
and from this connection we derive a perfectly strong and rigid 
ceUnlar stracture. 

The transverse joints of these parts are carefully fitted against 
vdch other, with "butt" joints and double covtnii^ iig. 59. 
plates, riveted over each joint, as shown in the annexed 
sketch; and thus a platibrm, although comiK)sed of a 
number of pieces, is rendered homogeneous in its struc- 
ture, and equally powerful in its resistance to compression, 
as if composed of one solid plate. 

The X division plates, which separate the cells fruin 
each other, arc riveted m the same manner, in their 
transverse joints, as the upper and lower platforms, and (Mt) 
bemg firmly riveted with covering plates on both sides, a Wt 
continuous rib of sheet-iron is formed, which, placed on | 
edge, and riveted to the angle-iron, and the A and B i 
platforms btjfore described, forms a complete cellular i 
construction on the top of the tube. . g 

Jigs. 4 and 5 represent the two Lottom platfonns D and B, 
which, having a connection with the V division plates, form a 
series of cells similar in character and appearance to those on 
the top of the tube. 

The objects to he attained hy tlie two cellular structures are, 
however, widely ditferent ; the one, as before observed, having 
to sustain a force tending to crush it, and the other a power. 
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operating in an opporite diroction, to tear it asunder. To remst 
these opposing forces, it vnl\ be observed, that the flexible 
nature of the matehai required a greater number of cells on the 
top than what appears to be necessary in tke bottom. In fact» 
from the nature of the strain, eells are not required in the bot* 
torn ; and it wiQ be noticed, that in order to effect the greatest 
power of lesistanoe, the plates are not only double the kiigtli 
of those on the top, but they are differently constructed, and 
diffiorently jomtcd to those intended to resist compression. In 
the width of the D and £ platforms, the plates are su in nmn- 
ber; they are each 12 fieet kmg, and are composed <tf two- 
separate liters, one over the other, with alternate joints meeting 
on the middle of each plate ; and by the use of long and strong 
covemig plates " chain -riveted," as shown on Plate V., a power- 
ful and continuous series of horizontal and vertical platforms are 
thns presented to the tensile strain of the tabe. These plat- 
forms are composed cf plates which vary in thickness from-Atha 
in the middle to i^tfas at the ends, and are tongued or dove- 
tailed into each other, as showTi at A, A, A, kc, iig. 4. Tliu 
breaks or jointings of the diff'erent thickness of the plates are 
represented in the same manner in all the other figures, each of 
which must be viewed as a separate and detached part of the 
tnbe. 

The ktters 6, H, K, fig. 1, represent sections of those parts 
of the piers of the Britfuinia iindgc wheron the tubes rest. 
In that view K is the knd abutment, II one of the piers at the 
maigm of low water-mark, and G the Britannia tower, built on 
(die lock of that name, in the middle of the straits. 

Fig. 6 is a section of the tube, and to which the letters A, B, 
D and E, ou iigs. 2, 3, 4 aud 5, refer. 
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EXPERIMENTAL INQUIRY 

INTO THK 

STRENGTH OF MALLEABLE IRON TUBES 

FOE SVFPOBTINU 

THE CHESTER AND HOLYHEAD RAILWAY 

Acson 

THE ESTUARY OF THE CONWAY, AND THE MENAl STRAITS. 



The preceding narrative already contaiiis a statement of the ob- 
jects for which the experiments herein recorded were instituted. 

Considering the importance of the undertaking end the re- 
sponsibilities which it involves, it will be necessary at the com- 
mencement to give a sliort description of the maimer in wiiicii 
the experiments were conducted. 

The peculiar nature of the investigation and the almost total 
absence of data, for the successful prosecution of the inquiry, 
operated in a great degree to retard its progress. The trans- 
verse strength of an iron tube composed of riveted plates, was 
an entirely new subject; and before the extent of its elasticity, 
ngidity, and tiie section of greatest strength were ascertained, 
it would have been extremely hazardous to have made use of 
such a tube for the support of a line of railway. 

Previous to the conunmcement of the experiments, considera- 
tions of deep importance presented themselves. The extent of 
the span, the form of the tube, and the nature of the material 
of which it was to be composed were objects requiring the 
utmost attention. Each of these had to be considered separately. 



Digitized by Google 



210 EXPERIMENTAL INQUIKT IKTO THE 

as weU as in combinatioii ; and in searclung for (SbcU, with 

the view of discovering the law which governs the form and 
strength of tlie bridge, it was found iiecessarv' to proceed with 
caution, and to determine step by step the relative powers and 
resistaooes^ which firom tinie to time presented themselves 
during eveiy snooessive experiment. These experiments were 
condncted with great care, and I trust, from the interest they 
have created and the novelty of tlieir ap})Ueati()n, they will prove 
as interesting to the scientilic inquirer, as they have been advan- 
tageous to the Company for whom they were made. 

In conducting the present investigation, I should probably 
have shrunk from the responsibilities inseparable from such an 
undertaking, if it had not been for the encouragement I had 
received fiom Mr. Stephenson, as to my fitness for the task, and 
the assistance I anticipated from otlier quarters. 

It is only known to those in search of physical truths, to 
what extent experiments must sometimes neeesaarily be carried, 
before results of importance can be folly elucidated and con- 
firmed. New forms and new combinations are continually 
presenting themselves ; and it not unfrequently happens that a 
well-conducted expermieut, instead of rendering the subject 
more clear and explicit, only brings to light fresh anomalies 
and difficulties, and seems to open out an entirely new field of 
inquiry. Perhi^ on no former occasion were experimental 
results more varied and perplexing than those presented during 
these researches ; although generally favourable, they were not 
always in accordance with established theories, or such as the 
supposed nature <tf the experiments would indicate. On the 
contraiy, weakness was found where strength was expected, 
and hence repeated changes of form, as weU as changes in the 
distribution of the material, became absolutely necessary, not 
only to ensiu-e comparative results, but to brhig the two resist- 
ing forces of compression and extension in better agreement, jor 
in perfect equihbrium with each other. 



Digitized by 



STSINGTH OF MALLBABLB IBON TUBB8. 211 



ODaking the whole aeries of experimeiits, it was oonaidflred 
neoessaiy to inquire into the powers of resistaQce offered, — 

first, by cylindrical tubes to a transverse strain ; secondly, by 
those of the elliptical or egg-shaped form ; and lastly, by those 
of a rectangular section, including such other modificatioDS as 
the experiments might indicate during the progreBsiye stages 
of the investigation. 

Each experiment is recorded, with some slight alteration, in 
the order in which it was made ; but to give an accurate con- 
ception of the results, it will be necessary not only to describe 
the apparatus used in the oonrse of the eqieriments, but also 
to show in what manner and under what drcumstanoea those 
resoltB were obtained. 




The tube to be experimented upon was placed upon tw^o solid 
blocks, A A (fig. 59), at a sufficient height to admit weights 
to be freely suspended from the tube. In the cylindrical and 
elliptical tube^, the weights were aospended from a hde cat 
throng^ the middle ci the lower sidss. The pin or shadde B 
was snppOTted npon a cotter and plate resting upon a cushion 
of hard wood, 8 inches square, fitted into the interior on the 
lower side of the tube. That part of the pipe, which was cut 
out to receive the iron pm, was strengthened by riveting a strong 

p2 
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plate round the oatside, as shown by the dotted lines at D. 

After adjusting the shackle, tlic cross plate E (fig. 60) was 
attached to the iron pin by a bolt, whicli fitted loosely into the 
forked ends of the pin B. To the cast-iron j)late thus attached 
were suspended the large cross links and upon the forks of 
these links were laid the weights, on each side* as eihibited 
atG. 



1%. 60. 




It wiD be observed, that by this arrangement the tubes were 

subjected to the test of a dead weight, and th( coiiipiexity and 
uncertainty of a system of levers were thus avoided. A lever was 
however found necessary, for the purpose of raising the weights 
off the tube, in order to ascertain the defects of elastidly , or the 
amount of permanent deflection whidi had taken place when 
the load was remoyed. These powers of restoration as well as 
deflection, were carefidly nicasiired and recorded every time 
the weights were laid on, and also when they were subsequently 
removed. The large lever H, with the "screw-jack** J at the 
end» wm used for raising and lowering the load, and for aso^* 
taining the changes, which were going forward under the influ" 
ence of the successive increase of the loading and unloading of 
the weights. The wooden wedges b, by (fig. 60) were used, for 
the purpose of retaining the load steady dui'ing the time of 
raising the lever with the weights, in order to ascertain the 
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permanent set. When the load was suspended, they were then 
removed. ^ 

It will be noticed, that in every experiment the deflections 
were taken after the weights were kid on ; and as some of the 
tabes were deflected to a considerable extent, the fiodcrum I, on 
which the large lever rested,' was supported on an iron table, 
which had the power of being raised or lowered by the screws 
fl, «, a, to suit the deflection of the tubes. 

From this description it will be seen that every facility was 
afforded for marking the chains which took place during the 
progress of the experiments ; and from the accuracy with which 
they were condacted, the fdlowing tables will be found to con- 
tain a faithful record of the derangement of the tubes, from the 
time of laying on the weights till their final destruction. 

At the commencement of the experiments the thickness of the 
plates was measoied by the Bkmingham wue-gange* That test 
was, however, found to be arbitrary and nnsatis&ctory, and it 
was therefore subsequently abandoned in fiivonr of catting the 
diflercnt f)Iates into a number of small pieces; and having 
screwed tiiern together in a vice, their collective thicknesses 
were taken, which divided by the number, gave, as nearly as 
possible, the thicknesses of the plates of which each part of the 
tabe was composed. 

The whole of the experiments liad a direct reference to the 
proposed bridges across the Straits and the Con^ ay river ; and 
the diameters, lengths, depths, and thicknesses of each tube 
may be considered as certain proportional fractions of those 
stractores. At the commencement the (^lindxical tubes were 
simple approximations, and it was not until several of them 
were broken, t!i;it anything definite as to strength or form could 
be depended u])on. It will hn understood that the perfectly 
original character of the inquiry rendered tiie results extremely 
problematical, and having to search for tacts, it was considered 
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better and more desirable, in the first instance, to uncertain by 
direct experiment the form and proportions of each particular 
tube, than hazard the assumption of data which might after* 
irards prove emmeoiu and unsatisfactory. 

The approximatioDs weie, however, of great value, as they 
exhibited defects and weakness which subsequently led to im- 
proved fonns and conditions, both as regards the dis])osition 
of the material and the rigidity requisite to keep tlie tube in 
shape. Ail these requirements were carefully attended to; 
and the progress of the experiments gradoaily confirmed the 
Macy of aD preconceived opinions of the bearing poweia and 
other properties of the material we were dealing with. Having 
however acquired considerable intoi iiuition, and attained a num- 
ber of exceedingly interesting results, I found myself in a much 
better condition for kying before the mathematician snch facts 
aa would enable him to enter upon the theoretioal investigation, 
and to deduce formnlss for the reduction of the experiments, and 
for the computation of the strength of cvi^ry description of tubu- 
lar bridges composed of sheet-iron riveted plates. Viewing the 
experiments as a scientiiic inquiry, and taking the results as 
deduced from them, it is easy to conceive what must be the 
strongest and best form of tube. Subsequent experiments may 
develope new properties and new combinations in the detail of 
construction, })ut I apprehend the great principle of form, or 
the section of greatest strength, will be found m the following 
tabulated results. 
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EXPERIMENTS ON THE TRANSVERSE STRENGTH 
OF MALLEABLE IRON TUBES OF THE 

CYLLNDRIC.LL iORM. 

Expcnmcnt I. — July 6th, 1845. 

Cylindrical sheet-iron tube 1 8 feet 1 inch long, 12" 18 exterior 
diameter, and 17 feet between the supports. 

Thickness of 13 plates =='58 uich^ .*. ■|}s=;'0408 inch, the 
thickneas of the plates of which the tube was oompoaed. 

Weight of tabe ssl02 lbs. 

Weight of sbacUe :s800. 





Reflection 


in iiichpt, 

load 
removed. 


Chiiage* in 
trancrem 
ddametcr. 




800 
IMS 

am 


■06 






before the whole of this weight ww ljud OB, the 
tube failed from «gnfraNiim by yadttriiif on 

the upper side. 
Crtuhed by compression. 


.% UltiiBMeddlectim - -39. | 8m Plate X. 1, 



Experiment I. repeated. — October 9th, 1845. 

This experiment was repeated on one of the fractoxed halves 

of the same tube, 8 feet (» inches between the supports. 





Deflectioa 


Deflertion 
in iuchra, 

load 
mnored. 


Cbangca in 
tranavene 
diameter. 




900 
MM 
M70 


•IS 

...... 




mio 

11-912 

t 


Cni^lic'-) on the top ate 6 iacl 
of ihc tube. 


IBM fttHn the centre 


.-. IT 


Itimate deflection = 


•19. 


Plate X.4g.l. 



In the above experiments the tubes faded successively by 
compression ; the top doubling up close to the first low of rivets 
13 mches from the shackle. The half-length tube also crashed 
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on the top aide, 6 inches from the centre, after sustaining the 

weight, 3970 lbs., for some minutes. 

Experiment IL— July 7th, 1845. 

Cylindrical sheet-iron tabe 18 feet inch long, 12 inches 

exterior diameter, and 17 feet between the supports. 

Ihickness of 15 plates = 56 inch; /. ff = 037 inch, the 
thickness- of the plates. 

Weight of tube » 107 lbs. 

Weight of Bhadde »800 lbs. 



WdjRfatin 


Dcflrttion 

in iTirbcs, 


Drflpctioa 
111 niches, 

li>4itd 


Changes in 
tnuuvene 

diametrr. 




800 


•20 




12-00 




1360 


•8S 


•03 


imo 




1930 


*41 


•OS 


11*50 




2114 


■16 


■m 


11-40 




2256 


■60 




11-25 






■GO 


•10 


1115 




2480 


•61 


•10 


1110 




2593 


•61 




11-00 




WOi 








Crushed on V.ic tap side about 10 inches from the 








shackle after auwaining the kMd about mi- 










B1lt«. 


.: UltiiiMte deflection —'65. 


PUtc X. fig. 2. 



From the exceedingly flexible uatiure u£ the material, the tube 
in this experiment Med, as before, by compression, the upper 
side collapsing at a distance of 10 inches from the shackle. 



Experiment III. — July 11th, 1S45. 

Cylindrical sheet-iron tube 16 feet 10 inches long, 12*4 inches 
exterior diameter, and 15 feet 7^ inches between the supports. 

Thickness of 9 plates =118 inch; i~=113 inch, the 
thickness of the plates. 
Weight of tube =392 lbs. 
Weight of shackle =800 lbs. 
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1 ' \ 

Weight in 


Drflertion 


Deflection 
in inches, 


chMiges in 
traiUTerM 






•07 




12-40 




1,880 


•17 


«•«*«» 


isai 


Up to the IcMul wben 6960 lbs. ww laid on, the 


9jm 


•80 


•MS 


IMS 


tube apparently smtaiacd no injury in ttttrim- 


3,800 


•31 


•025 


12 25 


Tcne diametar. 


4.160 


•35 


•050 


1220 




4.720 


•48 


•075 


1219 




5.280 


•45 


•076 


18-19 




5 840 


•50 


>IIIO 


Mm 1# 




6,400 


•56 


•102 


1215 




6,960 


•65 


•102 


1215 




7,520 


•72 


■150 


1215 


With the weight 8080 lbs. the aides wewilightly 


8,080 


•85 


•175 


1217 


coll»pwed, ttlmg (lie fmi of the «Ui|«fc 


8,640 


•87 


'995 


1210 


9^ 


•97 


■250 


1207 




9JQ0 


102 


•34 K> 


1207 




10.320 


112 


•350 


12 <U 




10,880 


1-24 


•400 


12-00 




11,440 








Broke with this weight, the Imrer pert teedng 










minder Mioes ti^ shackle hole. 


.*. Wtknai* dal 


MOB- 




PliieX.fff.S. 



From this experiment it appeals that the elastic powers of 
sheet-iron cylmdrical tabes are but slightly injured by a strain 
of 8640 lbs. (upwards of three-fonrtbsthe breaking weight) with 
a deflection of 87 inch, and exhibits only 225 inch as the de- 
fect of elasticity. 



Experiment IV.— July 80th, 1845. 

Cylindrical sheet-iron tube 24 feet 1 Clinches long, 18*26 inches 
exteri<^ diameter, and 23 feet 5 inches between the supports. 

Thickness of 17 plates 8*99 inches; ^:s'0582 indi, 
the thickness of the plates. 

Weight of tube =334 lbs. 



Weight of scaie and shackle =bOU lbs. 



Wd|htiii 


Dedection 


Tli-rtcction 
ui iiicLes, 

loMl 

rcBMnred. 


traosvcnc 
diameter. 


RemulM. 


800 


•08 




17-75 




1920 


•15 




17-75 


From the flexible natiireof the tulie and the thick- 


ao4o 


•85 




17-48 


Hen of the ptatea the penitnent deflection oovU 


4160 


•SS 




IMS 




5280 


■46 




16-65 




5840 


-51 




16-63 




4400 








Broke 6 inches from the centre of the shackle, the 










bottom side tearing chxe to the edge of the 










plate riveted round the ahackle hole. 


UHlmste deflectkm - 


•56. 


PUte X. fig. 4. 
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In this experinu'iit the upper side of the tube rcfsistcd the 
force of compression with greater tenacity than those m tiie 
previous experiments, arising probably from the compoiatively 
small amount of deflection and from stiffiiess of the plates. 

Experiment V.— July 12tli, 1845. 

Cylindrical sheet-iron tube 25 feet long, 17*68 inches e&te« 
nor diameter, and 23 feet 5 inches between tiie supports. 

Thidmess of 16 plates =101 inch; /. 1^^= 0631 inch, 
the thickness of the plates. 

Weight of tube =3 IG lbs. 

Weight of scale and sliackle =800 lbs. 



W^tta 




to inefces, 

load 
removed. 


Chanjtf* in 






•10 




17-08 




15)20 


•90 




17-98 




3040 


•no 




17-58 


Sides alii^itlj chaag«d in Com, load ttmsmA* 


4I(iO 


•43 


•050 


1728 


5280 


•51 


•075 


l<)-98 




5S40 


•SO 


•000 


I6-65 




SISQ 


•71 


*1S0 


1S<4S 




6I0S 








Broke on the lowrr 'sitir 25 Inches finwn the centre. 










tiie plate tcAnag through the met-holes, which 
at that point wen mtua weakened. 


.*. Ultimate deflection » 


•74 


PUte X. fig. 5. 



With the heavier weights it required the utmost care to re- 
tain the ends of tlie tube, which rested upon the blocks, in 
shape. All of them were protected by a cucuiar block of wood 
fitted into each end, in order to prevent distortion and crushing 
at that part. 

Some weeks after the foregoing experiment was made, it was 

deemed advisable to repeat the experiment upon the longest 
uninjured part of the tube. This was done to determine the 
relative values of the two resisting forces of compression and 
extension, in a tube whose plates were not so much weakened 
by the rivets, as those in the last and some of the previous ex- 
periments. The results are as foUow : — 
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Experimeat V. repeated on one oi the iractured halves, October 

8th, 1845. 

Cjliiulrieal sheet-iron tube 14 feet 8 inches lontr, 17-68 
inches extenor diameter, and 14 feet between the supports. 
Thickness of plates as before. 
Weight of tube =:215 lbs. 
Wei^t of scale and afaackle =060 lbs. 







Dcflfrtion 










in tnclMs, 


( h n!igi-« in 

tnuarrenc 


Benuutf. 


960 






17-62 




1,823 


•Ofi 




17-57 




8,^ 


•10 




17-32 


From the shortneM of the tube the top tide instead 




•14 




1714 


of being deflected was ndted as the weights were 


4,437 


■20 




17-02 


laid on. Thil arose from iLc dihrnrtiiin of the 




•25 




16-80 


aides ia the middle, which were eiounted; 
110Mlbi.ii«nlift ontiie tnbeikir ■mMtwifiwiiM. 


8,157 


•30 




1668 


7,0S1 


•82 




16-38 




7,854 


•38 




16-27 




8,272 


•42 




16-07 




8,695 


•50 


•16 


15-98 




9,126 


•56 


•25 


15-52 




9,560 


•58 


•28 


1527 




9,976 


•60 


•40 


1502 




10,395 


•62 


■47 


14-67 




10,828 


•92 


•60 


14^ 




11,060 


•92 


•W 


IMS 




11,874 








Dp'trovfd by compression, the top side puclcering 
from thn coliame of the aides, which were greatly 
dMivfead. 


.*. Ultimate deflection » 


•958. 


1 PUteX.flg.5. 



The experiments on this tube indicated results .somewiiat dif- 
ierent to those previously experimented upon. The ratio of the 
diameter to the distance between the supports, and the flexible 
nature of the tube, caused the centre of the tube, where the 
strain was applied, to collapse and take the eDiptical form. This 
property is stron<Tly marked in the cokmui of diikt tiuiis, where 
the top side rises, instead of following the bottom, as in the 
other experiments. 
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Experiment VI. — July 12th, 1845, 

Cylindrical sheet-iron tube 25 feet I incli long, 18*18 inclies 

exterior diameter, and :2;3 feet 5 iuches between the supports. 

Thiekness of 10 plates =119 inchj /. 1|^»=119 inch, 
the thickness of the plates. 

Weightof tube =777 lbs. 

Wdgbt of scale and shackle s800 lbs. 



Weight in 
Iba. 


Deflection 


Defection 
in inehw, 
kMd 


ChuiKc* in 


Bcnitflu. 


800 


•05 




1800 




1,920 


•15 








S.040 


•io 




17-95 




4.1S0 

5,280 


•30 




I7^90 




•38 


•05 


17-90 




6.400 


'45 


•06 


17^90 




7.520 


■55 


•06 


17-88 








•07 


17*88 




9,7m 




HN» 


177« 




lO.IHO 


•84 


•10 


17-70 




12.()0Q 


•a5 


•13 


1 7iM 


• 


12,500 


100 


•15. 


1764 




M.120 


105 


•18 


17-60 




13.0^ 


118 


•SO 


17-58 




14,840 








Broke through the rivef-holet, 3 feet i\ inches 
firom the omtfe, alter siutaioing the weight for 
half A minute. 



.•. UiUnuUe deflection »>1-19 | Plate X. 6g. 6. 



It will be observed that nearly the whole of the tubes that failed 
from extension gave way at the rivet-holes, or in the immediate 
neighbourhood of the shackle where the plates were weakened. 
Had those parts been of the same strength as the plates, it is 
probable that the whole, or nearly the whole of them, would 
ha^e yielded to compression. 

Another experiment was made on this tube at 15 feet be- 
tween the supports, as follows : — 
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Experiment VI. repeated on one of the fractnied halveB, October 

8tli, 1845. 

Cylindrical sheet -iron tube 25 feet 1 inch long, 18* 18 inches 
diameter, and 15 feet between tiie supports. ^ 
Weight of tube =475 lbs. 
Weight of scale and shackle =930 lbs. 



Wogfat in 


Deflection 


I>efl«f'ion 
in locbct, 


Cblnpcn III 


KetDM-lu. 












9S0 


+ 




18-30 




2,687 


•04 




18-30 




4^ 


•06 




1830 




6,150 


•06 




18-20 




7,853 


•07 




1817 




9,541 


•07 




1810 




ll;243 


•08 




18-07 




12,974 


-08 




1803 




14,6S2 


•08 




17-90 




16.425 


•08 




17-89 


1 


18,111 








Tlus cxpcriiiieiii was lost from the foandations 
giving way, it was howmr itMBied wHh a 










weight of 16837 Ibt. 


16^ 






17-77 




... a ■ • 






Broke through the riTeti 8 iachflaftoai <h« eantie 

on the lower side. 


.*. Ultimate deflection » 


•114. 


Plate X. fig. 6. 



During the whule of these experiments considerable changes 
of form were observable, by the elongation of the vertical dia- 
meter at the shackle, and the extension of the transverse dia* 
meter at the ends resting upon the supports. 

These changes were more strikingly apparent in cases where 
the circular blocks were not well fitted into the ends of the tube. 

Experiment Vli.— July 30th, 1845. 

Cylindrical sheet-iron tube 32 feet 8 inches long» 2^ feet exte- 

nor diameter, and 31 feet 3^ inches between the supports. 

Thickness of 11 plates = 105 inch; .'. '-^ = 0954 inch, 
the thickness of the plates. 

Weight of tube =1007 lbs. 

Weight of scale and shackle =800 lbs. 
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JMtoetion 


I/CncCUOli 

in 


Change* in 


■Mil. 


tai incim- 


nmoved. 


tnaavcnc 
dttmetar. 






•04 




23-90 


From the commencement of lay in i; n the weight* 


1920 


•10 




23'§5 


a change ia produced in the shape of the tube, 
but M poetipdUA t8k beftn 4160 fte. iiii IiM 
on. 


3040 


■17 




2372 


4160 


•26 


•m 


2354 


9280 


|83 


•08 


23-36 




6400 


•40 


•04 


23-30 




7520 


•47 


•U5 


2314 




8640 


•55 


•05 






i»7eo 








Broke oa the andenide by tmiAag tlmg the line 
of the liteta is befbre, 1$| inehoi mm the 


















middle of the tube. 



V UMMOtedeleetkm -<68. | Plide XI. flf. 7. 



The chief defect in this experiment^ as well as in some others 
here lecorded, is the weakness of the plates at the riveted joints. 

Experiment VIU.— July dOth, 1845. 

GyHndrical sheet-iron tube 34 feet 6| inches long, 24*3 inches 

exterior Lluuneter, and 31 feet 3^ inches between the supports. 

Thickness of 11 plates =5103 inches; /. = 119 inch, 
the thickness of the plates. 

Weight of tube =1385 lbs. 



Weight of scale and shackle =800 lbs. 







Dedection 
laincbM, 

remored. 


tFmn«vcr»e 
diasMtcf. 




800 


•05 




2410 


No peroeptible changes in theiMMli Of CfaNlid^ 


1^20 


•15 




2405 


up to the load 4160 Um. 


3,040 


•20 




24 00 


4.160 


•27 


•03 


23-86 




5.280 


•33 


•04 


23-80 




6,400 


•40 


•05 


23-75 




7,520 


•48 


•07 


23-72 




8,640 


•52 


•08 


23-70 




9,760 


•60 


•10 


23-67 




10,880 


•69 


•11 


23-60 


The aidea or horizontal axes at this point have 


12,U<)0 


•77 


•13 


23-55 


takoi a pcraaaneBt tec 


12,560 


•81 


•14 


23-50 




18,120 


•85 


•15 


23-42 






-90 


•17 


2340 












Broke through the nveu 15 inches from the centre 








M die «e%ht «M nqwiided OB the tnibe. 


.'. Ultimate deflection = 


•93. 


Plate XI. fig. 8. 



The same defects, arising from weakness at the riveted joints, 
is here observable as on former occasions. All the tubes hitherto 
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eiperiineiited upon have been moie or less defective m tins le* 
spect, and hence arises the absolute necessity of exercising the 

utmost aire in fixing upon a sound principle upon whicli jumU 
of this description should be constructed. 

Experiment IX.— July diet, 1845. 

Cylindrical riieet-iron tube 32 feet 8^ inches long, 24*2 inches 
exterior diameter, and 31 feet 3^ inches between the supports. 
Thickness of 11 pktes =108 inch ; ^^= 098 indi, the 

thickness of the plates. 

Weight of tube = 1005 lbs. 

Weight of scale and shackle =800 lbs. 



Weight in 
Um. 


Deflection 
In iacbea. 


in inche*, 
fciiwfed. 


Chan|(e« in 
truuvene 
diameter. 




800 


+ 




2376 




1^ 


•05 




2376 


Up to the weight 5280 lbs. no duagt bad tlltCO 


3,040 


•18 


+ 


83^60 


4,ieo 


•91 




»so 


piaoe in the tnuuvetse axii. 


5,380 


•ao 




S8'4S 




6,400 


•39 


•08 


23-36 




7,520 


•47 


■04 


23-30 




H,64() 


•52 


•06 


23 22 




9^ 


•59 


•07 


9316 




9,780 


•64 


•08 


9310 




10,3^0 


•69 


•10 


93-05 




10^ 








Broke a» hd^ore through the hvet boles, li indm 








frrai the dndde. 


.'. Ultimate deflection » 


•79. 


PUte XL tig. 9. 



La this experiment the same indications of weskness were 

apparent as in all those previously tested. The form is evidently 
imperfect, and exhibits gi-eat weakness when subjected to a 
transverse strain. The collapsing of the sides, and the excess 
of material which surtounds the neutral axis* are much againsir 
this form of tube. Its strength would however be greatly im- 
proved by a better system of riveting, and by increasing the 
thickness of the plates on the upper and lower sides. 

The principal objection to this kind of tube is the difficulty 
which exists in retaining the tube in its form. Under severe 
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strain the sections are no longer circles but elli{)ses ; in the 
middle section the vertical diameter is increased in length, and, 
on the contrary, at each end it is dwreased. The^e changes of 
form give an appearance of distortion to the tube, weaken its 
powers of resistance* and render it unfit to sustain the load. 

EXPERIMENTS ON THE TRANSVERSE STRENGTH OP 

MALLEABLE IKON ELLlFnCAL TI:B1::S. 

Experiment XIX. — ^August 6th, 1845. 

Elliptical sheet-iron tube 17 feet 11 inches long, vertical axis 
14-62 inches, transverse axis 9 25 inches, and 17 feet between 
the supports. 

Thickness of 26 plates si 08 inch ; a 0416 inch, 
the thickness of the plates. 
Weight of tube =109 lbs. 

Weight of shackle =800 lbs. 





Deflertiaa 
iaincbM. 


Deflection 
in incbea. 


Changes in 
tnnavene 




Renavka. 


800 

19S0 
2100 


•19 

•57 


•09 


14-0 

U-30 




Cnubed on the top side just as the whole 
weight WM empcided. 


.-. t lumate detlectioQ »-607. 


Plate XII. fig. lb. 



Km the breaking weight is considerably less than that which 
is recorded in Experiment I. on a cylindrical tube, of ucarlj tlie 
same weight and thickness of plates. 



Experiment XX. — September 17th, 1845. 

Elliptical sheet-iron tube 25 feet 9 inches long, vertical axis 
21*66 inches, traosYerae axis 13 5 indies, and 24 feet between 
the supports. 

Thickness of 9 pktes =118 inch; il? = 1310 inch, 
tlie thickness of the plates. 
Weight of tube =708 lbs. 
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Frillwthiii 
tebdhM. 


in incfaet, 

iMUl 

iwoored. 


Chuigc* in 


Ml in 
•lia. 






•02 




14^00 






1,744 


•08 




14-00 






2,640 


•13 




14-00 






3,536 


•17 




\im 




With the weight 16,528 lbs. the scalea 


4,432 


49 




19*88 




lost their balance and the we!g:hts 


6,328 


•28 


•020 


l.'l 7!> 




fell dir. They were tabsequentiv r» 


6,824 


•34 


•025 






placed, aud the same weights again 


7,120 


•39 


•040 


13-61 




laid on. The deflection wlum tuea 


8,01 6 


•46 


•046 


18^60 




iwUoaied V32, M «b»wii ia th« tabic 


8,912 


•51 


•000 


13-65 






•an 


■080 


1346 






10,704 


•64 


•100 


13-40 






11,400 


•71 


•12'> 


13-36 






12.496 


•80 


•154 


13-25 


•05 




13,392 


•90 


•200 


13-20 


•10 




14,2S>* 


1-00 


•240 


13-15 


•16 




U,;36 


1^06 


•276 


13 10 


•24 




15,184 


113 


•300 


13-04 


•26 




15,632 


1-20 


•360 


12-96 


•31 


• 


16.080 


1-27 


•390 


12-94 


•37 




16,528 


132 


•440 


12-82 






17,076 










Broke after sustaiiung tlie load for a few 












aeeoDda, the lowar tide tearing aran* 












der through the shackle hole. 

_ 


• 

1 M ■ IM 


% inttanato ddkeiio 






Plate XlILIIg. 19. | 



From the commenceuieut of the expenuieut to its teruiinatioD, 
the tube gave indicatioDS dL great atiffiiess and atraogth. The 
deiectioDa and defecto of ebatidty were progressive throughout 
the whole series, and in this experiment, when the kst weight 

17,076 lbs. was laid oii, a slight crackling noise was lieaid pre- 
vious to rapture. 

Experiment XXI. — September 18th, 1845. 

Elliptical sheet-iron tube 26 feet 3 inches long, vertical axis 
21*25 inches, transverse axis 14*12 inches, and 24 fieet between 
the aapporta. 

Thickness of 17 plates =117 inch; .\ !^=*06B8 inch, 

the thickness of the plate. 
Weight of tube =357 lbs. 
Weight of shackle =848 lbs. 



a 
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WeichtiB 



in inches. 



n«flection 

in inches, 



Chftn^s in 
tranr»'cr»e | 

iml,^ I trann-ene 



848 
1731 
S580 

4S89 
5146 

me 



-04 
•09 
•18 
•17 
•89 
•28 
•84 
•40 



7714 



18-69 

18- 96 
U'lt 
I«77 
12-57 

19- 39 
I9H» 



•05 
•06 
•10 
40 
"9$ 



Broke with Ujniig on the wdght, the 
tap tide doobKng op. Probahly one> 
katf the weight laid on, or 7270 Iba. 



Jjoddng at the effects pioduoed by the heavier weights upon 
this tdbe, and oomparing it with one previouslj experimented 
upon, it is evident that Btiffbese is an important element in this 

description of pipe, in order to prevent the sides collapsing when 
the weights are applied. This is strongly exemplified in the 
4th column of the table, where the changes of the transverse axis 
wy from to 11*72, making a differenoe of nearly 2 inches 
when suffering under the influence of severe pressure. 



Expcrunent XXII. — September 18th, 1845. 

EUiptiGal sheet-iron tube, with a oeQ on the top side, 19 feet 
8 inches long, vertical axis 12 inches, transverse axis 7} inches, 
and IS feet 6 indies between the supports. 

Thickness of 16 plates =117 inches ; /. '-^='0766 inch, , 
the thickness of plates. 
Weight of tube =232 lbs. 
Weight of shackle =848 lbs. 
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PbHwIIwi 
kiMiM. 


DaOectkm 
in indie*, 
loMl 


Ch«n^ in 
traaaTcm 


Pennanent 
Mtin 








ni*. 






848 
1728 
2601 
3469 
4384 
5178 
5598 
6016 
6439 
6867 


•185 
•200 
•300 
•400 
«510 
•625 
•700 
•780 
•870 


+ 

•04 
•08 
•10 
•14 


7-50 
7-46 
7-45 
7-44 
7-35 
7-38 
738 
7-44 
745 




Dxiring the early part of the experiment 
the alterationa in shape were ctetdilj 
progressive, or until 6016 Dm. mn 
laid on, when they became more 
anomalous, which is indicated by the 
restoration of the fllMf Mllll wilfc 
the 6439 weighta. 

With thia weight the top edge or fin 
pert doubled up, still shewing VOk* 
MM OB the top ade. 




9m 

9641 
4398 
4888 
9987 
5648 


•14 

•61 
119 
\-32 
1-45 


•f 
•14 

•42 

•58 
•67 


7-50 
7-48 

715 
713 
713 


•••••a 


For some time pcevioos to the bottom 
tearing leader, tfie vpfer Me me 
oat of shepe. 
Broke by extenriea 99 faMbee ft«m the 
middle, after seHrfring the might ft 
few aeeoiub. 


UUimatp dpflpction — 


•892. 




Plate XIV. fig. 21. 



As the whole of the experiments od the elliptical pi^. gi. 
tabes gave evident signs of weakness to a crashing | — % 
fbroe» it was deemed advisaUe to strengthen the f*lr \ | 
tabe, by riveting a oelhilar fin (such as is shown in 1 \ | 

the annexed sketch), along the top side of the tube. ^ I 7 T 
Tliis addition did not, however, answer the in- ^ - 
tended purpose, as will be seen by its yielding to wmpnamxm 
when the hst weight 6867 lbs. was laid on. 

From this it would appear, that the lesistiniip powers to a 
crushing force on the top side are still unequal to the pressure 
in that direction ; and viewing the experiments upon the ellip- 
tical tubes, as far as they have gone, they may be considered of 
an inferior description, and undoubtedly imperfect as regards 
the best form for sustaining a heavy transverse strain. 

From the last experiment it is obvious, that the two resisting 
powers of extension and compression are not equalized, and in 
order to produce fracture by a tensile strain, it will be necessary to 

q2 
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Fig. 62. 




a 



enlarge and increase the quantity of material on the top aide, and 

also to givo it trrcatcr rigidity than lias yet been attained in that 
part. Tot this ohject, it ajjptars desirable 
to repeat the experiment with one or more 
tubeSj oonstnicted of the rectangular form 
with a coiTugated top, aa per amiexed 
sketch at A» and to have them riveted 
together in the form of two cells, as shown 
at a, a. 

These corrugations would add consider- 
ably to the strength of the upper side of 
the tube, and tend to equalise the two 

opposing foirces of resistance to extension 
and euini>ression. This form waa sub- 
sequently adopted*, and iouiid exceedingly satisfactory as re- 
gards strength and its powers of resistance under severe strain. 

finding the same difficulty in retaining the Fig. 63. 
elliptical tubes in shape that we found in the 
cylindrical ones, the form was changed from 
the ellipse to a tube with straiglit sides and | 
curviUnear top and bottom, with the tin re- J 
peated on the top side, as at F, to resist crush- ; 
ing in that part. | 

The results of the experiments on this tube 4. 
are as follow : — 




* Whilst ciigriETrd in making the experiments, I liad frequently occasion 
to take notes and make remarks upon the powers of resistance, CkC. which 
each successive form of tube oflFered to the strain acting upon it. As many 
of these notes are interesting, and as the results recorded were such as to 
suggest new forms and new combinations, I shall on this, as on other oc- 
casioiis, take the liberty of introducing them nearly in the same form and 
m the Hune oider •» they were made at the time. In thia treatment of 
the eahjeet tibere nay be aome slight irregularity, but the iapMtaaoe of the 
inquiry, and the ftedmeas of the ideas aa they presented themselves at the 
moment, must plead my excuse. 
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Experiment XXIII.— September 19th, 1845. 

Rectangular sheet-iron tube, with single ceU on the top, and 
dfcolar top and bottom, 19 feet 1 inch kmg, depth 13 inchea, 
width 8 inches, and 18 feet 6 inches between the supports. 

Thickness of 17 plates =1095 inch; 1^= 064 inch, 

the thickness of the plates. 

Weight of tube =267 lbs. 
Weight of shackle =848 lbs. 







Drflrction 

ID inches, 
kwd 




848 


•080 




After 71361b».w«ieIatd<mttlM>tep1biwMevid«itl]riiuieii 


1723 


•l«t 






2518 


'241 




Tlic two following weights did not, however, make imirh 




32i 




change; the upper side of the tube, having come into ao 


4341 


•413 




tinn, retailed it in dnpe vntil die wktob pm 


5179 


•516 




son 


•6M 


HM5 




6867 


•723 


•034 




7ai6 


•798 


•050 




7540 


•830 


•057 




7652 


•85S 


•061 




m« 


•900 


<07f 




8100 


•974 


•082 




8406 


1140 


•260 




S8M 






With this weight the top iid» donliM vp 3 Ibet ftm tk« 








centn of the tube. 




tedellaeik 




PlitftXIV.llf.2S: 



The dittereuce between the stDeiigth of the elliptical tube with 
a fin, and the rectangular form having a similar top, is veiy in- 
oonsideiable. They are nearly of proportionate weights, and 
having the same distance between the supports, the comparison 
is nearly perfect ; the first crushing on the top side with a foroe 
of OSO? lbs., and the other distorted in the saiiic maimer by a 
force of 8b 12 lbs. 

It is obvious firom the two last o^eriments, that in adding 
to the strength of the top side great care should be observed in 
retamiug it perfectly fiat, in order to concentrate the mateiial 
at as great a distance as possible from the neutral axis ; and the 
same rule will apply to the bottom. It therefore follows that 
all girders, be they hollow or otherwise, should on no account 
terminate in an apex, as represented in the two last cases be- 
fore lis. 
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Experiment XXIV.— September 19th, 1845. 

Elliptical sheet-ifon tube 18 feet 2^ inches long, vertical axis 
15 inches, tnouivene aiis 9f inchei» and 17 £set 6 incheB be- 
tween the siqpportB. 

Thicbieaa of 9 plates s:l'29 indi; /. ^=8*148 indi, the 

tliickness of the plates. 
Weight of tube =374 lbs. 
Weight of shackle ^848 lbs. 





Ocflcctioii 


Dollcctiaiii, 


CbaagM in 








btaohM. 










848 
2,137 
3.448 
4,787 
6.019 
7.327 
8.580 
M70 
11,160 

\'im 

ll,(]19 
15,490 


•05 
•14 

•81 
•40 
•49 
•58 
•68 
•8t 
•9fl 
116 
IM 


■040 

•045 
•057 
•070 
•110 
•188 
•240 
•840 

'm 


7-ej 

7-62 

7-58 
754 
752 
7-51 
7-50 
7*49 

7-4H 
7-4^ 

x<4a 




15,00(f lbs. would probably hftvc pro- 
duced fracture, as the tube was sulTt r- j 
ing from the cnitbiiif power oo the 
top at «h» niM iMtaHt Ow MoMim 
teaiiactMBdir. 

Broln hist at the whole of the weight 
wttuMoQ. 


.*. Ultimate deflection «• 


1-45. 


1 


Plate XIV. fig. Sa. 



The foregoing completes the experiments on elliptical tubes, 
and althou^ the elliptical is inferior in strength to the rectangular 
&nn« the results aie nevertheless highly instroctive. It will be 
obsenred, that in almost every case where the tubes bad cells 

on the top side, the two snstaining forces approached neaif^ 

to each other than in those of the c}'liii(irieal or rectangular 
form where the plates were of uniform thickness. In these ex- 
periments, as well as in all the others, the top side is almost in- 
variably the weakest. 

OitervaHoM m (ke fQir9gwii§ ExpefimmU. 

Every horizontal beam, subjected to a transverse strain, has 
two important offices to perform : first the resistance it offers to 
compression on its upper side, and secondly the power which it 
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opposes to teukni on the lower side. Now it u immateriiil . 

whether the beam be hollow or solid ; its elements or character- 
istics of strength are the same ; and all properly constructed 
beams must have that form which presents the greatest resist- 
ance to comgxeBsum on the one band* and to tension on the 
other. The inrther that tibe moleciileB, or partidee of which 
a beam is composed, aie removed from the nentral axis, the 
greater tlie powers of resistaiK-e to sustain the load. In order, 
therefore, that a beam should have the strongest seetion with a 
given quantity of material, the forces of compression and tension 
most not only be duly balanced, but the material should be 
aocnmulated at the top and bottom of the section, where the 
ktrain is the greatest ; that in the sides serving only to maintain 
the connection between them. Now the cylindrical form, having 
such a great proportion of the material in the vicinity of the 
neutral axis, is certainly not weD-caknilated for resisting a trans- 
Terse strain. The same ofarjections iq^ply, though in a less 
degree^ to the eOqptiosl tubes. 

On oonsnlting the tables, it will be found, that nine distmct 
cxpcrimtiits were made upon cylindrical tubes. Out of tliis 
nimibcr seven were torn asunder through the rivet-holes, and 
two yielded to compression. It is more than probable, that the 
whole oC them would have puckered on the top side, had the 
riveting been sound. Unfortunately that was not the case^ and 
hence foDowed the mptnre of the bottom through the line of 
the rivet-holes, which from their number and closeness had 
greatly injured the strength of the plates. One remarkable 
feature of these experiments, however, was the distortions which 
the whole of the tubes presented under severe stram. With 
less than half the breaking weight the sides of the tubes were 
coUiqned, and before three-fourths of the load were suspended, 
the middle section presented an elliptical form, wliich gradually 
increased with the load until rupture took place. 

These contortions were strikingly apparent in the tubes corn- 
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poeed of thin plates, and in some of the experiments the sides 

became so much collajjst d ;is to iisstiine almost a straight line 
on both sides, in the middle, with the top rising and the bottom 
descending in the fom of the annexed figure 64. 
at a, a, a, a. This change of fignre rendered 
it next to impossible to asoertain the deflec- 
tion, which rapidly inoreaaed in both direc- 
tions, and niagnitied the distortions to such 
a degree as to render the tube totally inap- 
plicable for the purpose intended. 

Another discrepancy was the insecurity of 
the ends resting upon the supports which greatly inoeased the 
disfigurement of the tube, unless retained in shape by a circular 
piece of wood closely fitted into each end. The removal of these 
blocks, when the tube was under strain, presented a singula.' 
distorted appearance : both ends became flattened horiaontalljv 
and the middle elongated in a vertical direction so aa to preseni 
two elliptical sections, as shown in the dia- 
gram, which is here exaggerated as at 3, 6, d, b, 
ill order to exhibit the insufficiency of cvlin- 
drical tubes to support a severe transverse 
strain. Some of the stronger description, of 
tubes when composed of thicker phites gave 
indications of increased strength; but not 
more than might reasonably have been expected from the in- 
creased thickness and greater rigidity of the material. 

Taking the whole of the experiments on the circular tubes, it 
win appear obvious from the pressure to which all the parts are 
subjected, that they are not calculated to resist a heavy traia- 
verse strain. Altogether the form and distribution of the na^ 
terial are defective, and cannot therefore be tnisted for such a 
purpose. Kea.suiiiiip: from these facts, and taking the whole of 
the circumstances indicated by the experiments into consider- 
ation, I have no hesitation in pronouncing the circular form of 




V 
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tube exceedingly defectiye, and not to be relied on as a medium 

of support for railway traitic across the Meoai Straits. 



JSktmmary o/Besulta obtained from the JSsfperiments on CyUndrical 

Tubes. 





Diametrr 
in inchea. 


TkickncH 
of plate m 


UltiiiMte 
dedecttoin 


Breaking 
wdgbt in 




ft. 


la. 












17 


0 


1»-I8 


•0408 




3.040 


Crnshed iop. 


17 


0 


12-00 


•0370 


•65 


2,704 


Cri)'-liei] top. 


15 


n 


1240 


•1310 


1^29 


11.440 


Torn asunder at bottom. 


:i.3 


5 


18-26 


•0.1 82 


-56 


6,400 


Torn asander at bottonu 


S3 




17-68 


•0631 


•74 


6,400 


Torn uunder at bottom. 


93 


5 


18-18 


-1190 


1*19 


14,240 


Tom aaunder at bottom. 


31 


H 


24 (K) 


0954 


•63 


9,760 


Tom asunder at l>ottom. 


dl 


J* 


24-30 


•13501 


-95 


14^40 


Tora aniader at bottom. 


U 


»* 


84-90 


•0064 


•74 


low 


Ton awimlfT it boUooit 



&mmanf ofBemdU from tie jEa^ermmia on EUipUcal Tubee, 



i No. of 
ex peri- 


Distance 
between 


Diameter coo- 
gtegate and 


ThickneM 


UHiinate 
deflection 
iBiadM. 


Breaking 
weuEbt 


BcstuurlcB* 




pOffll* 














19 


ft. ia. 
17 0 


•< 


r 14-621 
9-25 1 


■ 


•0416 




9,109 


Cnihcd on top. 


90 


94 0 




21-66 

13-50 


■ 


11320 


1'8« 


17,076 


Broke bjr odaoiloii. 


21 


24 0 


• 


2\-2'j ^ 
1412 J 
12-001 
7-.W 
' 15-00 




•0688 


•45 


7,270 


By compressioo. 


22 
94 


18 6 
17 6 




• 
• 


•0775 
'1490 


•95 

i'a9 


0.867 
U,000 


By oompRssion ; thi» tube lud ft 

fla on the top aid& 
Bodi ildfls wwe nipttmd. 



It will be observed that the whole of the ezperiments on the 
elHptical tubes indicated weakness in the top side, which, in 

abiiost every case, was greatly distorted by the force of compres- 
sion acting on that part. The anomalous results of the top 
side yielding to compression, suggested a modified form of tube, 
oonstmcted by riveting a hoDow longitudinal fin along its upper 
side. Tins was done in the manner described in Ihqperiments 
XVI. and XVII., but without effect, as the top side was still 
fuuntl defective, and gave way m both experiments by the 
doubling up of that part. The elliptical tul)es also exhibited 
considerable distortions in form some time before the load pro- 
ducing rupture was laid on. 
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On consulting the preceding experiment, it will be observexi, 
that nearly the whole of the tubes arc comparatively weak, 
arising in a great measure from their defective form, and partly 
from the mjuiy done to the plates by an injudiciotis ^atem of 
liiretlng which the workmen had mtrodnced. These defects 
were remedied in the subsequent experiments on the rectangular 
tubes, and great care was taken to make the joiuta as uearly as 
possible of the same strength as the plates. 

The next series of experiments are not only highly interesting 
in themselves, but involve practical considerations of deep im« 
portance in relation to the fnture interests of civilised society* 
These experiments show, that tlie rectangular form of the tabular 
■^^Toufyht iron girder is much better calculated to resist trans- 
verse strain than any other form that can be adopted, provided 
the sectional parts are so arranged and distributed, as to give the 
greatest strength with the least quantity of material. 

EXPERIMENTS ON THE TRANSVERSE STRENGTH OF 
MALLEABLE IRON RECTANGULAR TUBES. 

Experiment XIY.— July 31st, 1845. 

Rectangular tube 18 feet 6 inches long, 9*6 inches square, 

and 17 feet 6 inches between the supports. 
Thickness of plates, top . , . = 075 inch. 

bottom . . i;j = 0743 ,. 

„ sides . . . ijS* =s*0748 „ 
Weight of tube =202 lbs. 

Weight of shackle =938 lbs. 



Weight in 
Ibt. 


1 )r!>'<-tioil 

in inchea. 






938 
1058 
3178 

nm 


•17 
•55 
•96 




Yidded to comptCHioii, the top tide doobltas i>d the 
•ides bulging clote to the injured put. 


.'. Ultiin&te deflectioa » l lS. Plate XII. fig. 10. 



Digitized by Google 



AECTANGULAii iUB£8. 



2^5 



The great weaknew indicated by Uub tabe in yielding to a 

weight of only 3738 lbs., caused a different anaiigement of the 
plates, a new one of nearly three times the thickness was pre- 
pared and liveted on the top side. The plate on the lower side 
was alao strengthened at the joints, and having repaired the 
other parts injured, the tube was again put to the test aa 

fikll0WB^— 

Experiment XIV. a repeated. — October 9th, 1845. 

Rectangukur tube 18 feet 6 inches long, 9*6 inches square, and 
17 feet 6 inches between the suppoits. 

Thickness of plates, top . . . !|f s*252 inch. 

„ bottom . . •^=•075 „ 
„ sides . i5J = 074 „ 

Weigiit of tube =384 lbs. 

Weight of shaeUe =960 lbs. 



Weight in 
ibt. 


DefleetioB 
in indkai. 






960 
1854 
2717 

4441 

5310 
6180 
fil8<) 
7017 
74»7 
7859 


•07 
•16 
•SS 
•35 
•45 
•55 
•67 
•73 
•84 
•94 


•07 

•10 
•11 

•14 
•SO 
•99 


lliis weight wu repeatid ill MnieqMneefiftte tabe bdiv 
•lightly distorted. 

Broke asunder bv tearing at a joint on the boNom aide* 11 
Iwte Atom the ahMUe, lAm llM fltte 1IM iraOcMd. 


,\ UlttBuite deflection- MO.j Plate Xll. fig. 10. | 



Here, by increasing the material at tlu; top of the tube, we 
attained more than double the strength ; thereby showing that 
fibrous bodies, like wrought-iron, being more ductile, are more 
susceptible of injury ftom compresaion than from eztenskm. 
This bar is further confirmed by the succeeding experiments. 
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Experiment XV.—July Slst, 1845. 

Rectangular tube 18 feet 6 inches loBg, 9*6 inches square, and 
17 feet 6 inches between the supports. 
Thickness of plates, top . . . =-0757 inch. 

„ bottom . . l^^U% „ 

sides .... s'0757 „ 
AVeight of tube =255 lbs. 
Weight of shackle =988 lbs. 



Wdaht in 
lbs. 


Deflection 
in inehea. 


Deflectioa, 




988 

21m 

dS28 
3788 


•16 
•45 
•80 


•OS 


In this experiment great waduMN » wlwbltciil M wcH m 

in the former one. 

With tUi tlM top pUte began to budkle 2 feet 6 
indiei tnm tbe ibacUe on one tide, and 6 iaehee from it 
on tbe other. It appears to loqotn iliilhfin ik «dir to 
resist tbe (esdeBcy to pucker. 


.-. Ultimate deflection = -94. 


Plate XII. %. 11. 



This ezpeziment was repeated with a strong plate % feet 
7 indies long, 11 inches wide, and 1*1 indi thick, hiid along the 
top, in order to stiffen it and throw the strain more upon the 

bottom plate. The results were liowcvcr luuiiipui Uint, until the 
tube was reversed with the thick side upwards, when a very 
important change was effected, as shown in the succeeding ex* 
periment. 

Experiment XV. a. — July Slst, 1845. 

Rectangular tube, the same as before. Tube reversed, with 
the thick side uppermost. 

Thickness of plates, top . . . =s*142 inch. 

„ „ bottom . . i;^= 0757 „ 

sides .. . ^i?= 0757 „ 
Weight of tube =255 lbs. 
Weight of shackle =988 lbs. 
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Odketion 
laiachM. 


rf niovcti* 


BMOWta. 


988 


•17 




The deflection as well w the iuodulu» uf elasticity are much 


tl08 


•50 


•07 


gvnlcr b tiila than in aof €f tbe fiirawr cxparimenla. 


3228 


•78 


•U 




37H8 


•IX) 


•18 






1-05 


•20 




4!m 


1-21 


•i8 




MM 


1-87 


-m 




6028 


1-54 


•40 




6^88 


1-76 


•50 




7148 








Uitimati:(kflecttOD»l-76. 


Plate XU. fig. 11. 



If we oompttre tihe results of the two last experiments with 
those oontained in Experiments XIV. and XIV. n, we shall find 

that the propiHiioiis of the top and sides arc widely different. 
In both cases, however, when the tube was reversed with the 
thick side uppermost, double, or nearly double, the strength is 
obtained. Hence it fdlows, that in order to obtain the section 
of greatest strength^ the top side of a tabe, when submitted to a 
transverse strain, must be considerably thicker than its lower 
side. This fact is fully established in every succeeding experi- 
ment, as well as in those ahready recorded, for the tube almost 
ooDstantly give way to compression, unless secured by stronger 
plates on the top side. 

Experiment XYI.— August 1st, 1845. 
Rectangular tube 18 feet 6 inches long, 18*26 deep, 9 25 wide, 

and 1 7 feet G inches between the supports. 
Thickness of plates, top ... =-1490 mch. 

,. bottom . . i:|tt=-2690 „ 
„ sides . !5i = 05M „ 

Weight of tube =317 lbs. 
Weight of shackle =988 lbs. 
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i£i. 


Ueflectioii 


I>eflcctk>D, 




99H 


•15 






2106 


•30 






3228 


•44 


•06 




4348 


•60 


Of 




5468 


■70 


•10 




6588 


1-00 


•22 




6812 






mtk this weight the top plat« began to rl«e 18 inches 








from the sba^k, nftcr wwtiintiig the w«i|^ im abMi a 








minute. 


.'. UliinuOe deilectioD> I'OS. 


Plate XIL fig. 1^ 



Having in this experiment crippled the apper ride of the tube, 
it was tnrned upside down, after the injured part was straight- 
ened, aiid the exiti rimcnt repeated. 

In most of the experuueuts, the teudency to rupture was slow 
and progressive, a property which seems to be inherent in sheet* 
iron tabes, particularly when they yield to oompiesrion. Under 
this species of strain, destruction is never instantaneous as in 
cast-iron ; but advances gradually, the material emitting during 
the process a crackling noise for sonic time before the experiment 
is complete, and absolute rupture takes place. 

Experiment XVI. a, — August 1st, 1845. 

The preceding tube reversed, with the thick side uppermost 
Thickness of plates, top . . 

bottom 



i2«=^2690 inch. 



sides 

Wright of tube =817 lbs. 
Weight of shackle =988 Iba. 



1^ =1490 
= 0594 



$» 



Wdgitia 



988 
2,108 
3,228 
4,348 
5.468 
6.S88 
7,708 
8,828 
9,948 
10,308 
11,06H* 
11,0«8* 
11.628 
12,188 



fallBdiei*. , 

removed. 



•08 
•30 
•42 
•56 
•70 
•80 
•92 
110 
1-30 
1-35 
1-4U 
1-60 
1-65 



•03 

■10 
■15 
•20 
•24 
•30 
•31 

■:i-2 

•40 
•50 
•53 



.*. Ultiipai0 deflMtion « 1^73. 



Angtjst 2nd.— The woiifht 11,068 lbs. was left on the tube 
h'-nn half-pastSo'd H k F.M. till the following day at half- 
pait 9 A.II,, when the deflMlioii mamtA fnm l'4ft to 
l-W, 

Experiment oovOinwd after mtalainf Hw ««i|bl IS 

houn. 



With this weight the top side puclnerad. 



F)aieXa.fig. 14. 
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The tabe fiuled with 12,188 lbs. at two of the joints on the 
top side, S feet from the shackle. This hSkm was accompanied 

by the sides VK iulmg inwards on one side, with a similar inden- 
tatioQ ou the other, and the top pkte doubling at the joints in 
the form of the letter S. 

Experiment XVI. ^.—September 20th, 1S45. 

The top side still yielding to compression, a stronger plate 
was riveted on the top side ; and in order to csose the bottom 
to give way to a tensfle strain, a thicker pUte was riveted over 
the joint on the bottom side, and the experiment repeated. 

Distance between the supports as before, 17 feet 6 inches. 
Weight oi shackle = 900 lbs. 



Wta^ t in 


DeflecCion 

in ^ft^i^i 


Deflection, 




960 
S,6S7 
4,4SS 
•.ITS 

tm 

9J65 

um 

12,990 

i3,m 


•09 
•M 

•35 
•34 

•42 

•w 

•SB 

•72 


•07 
•14 

•15 


Broke after gustainins the weight aome minutes by tearing 
the rivets frorotbejoliit«iia«iqnMriide,8lMtSlBdiei 
fipon the thickhti 


mtiin 




iM-'TS. 


nttXILS8.14. 



The great powers exhibited in the last experiments* by the 
addition of a certain quantity of material to the npper side of 
the tabe» suggested a further extension of the experiments, with 
some slight modifications of form, in order to render more con- 
clusive the principle which the previous trial had indicated. 
For this purpose a hollcuv girder 25 feet lonjs:, and 15 inches 
deep, of the following dimension, was constructed and submitted 
to experiment. 

Experiment XVII. a. — August 2nd, 1845. 
Kectangular tube or girder, 25 feet 1^ inch long, 16 inches 
deep, ^ inches wide, and 24 feet between the supports. 
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Thickness of plates, top .... -260 incli. 

„ „ bottom . . . ^= ~G0 „ 

„ sidea .... iy?s= 131 „ 



Weight of tube =788 lbs. 



Wei( 


^bt of shackle 


=800 Ibe. 


WcigttiB 




DeliccUiiil, 

load 
removed. 




800 
1,920 
3,040 
4. ISO 

6,400 
7,620 
8.640 
9,760 
10,880 
12,000 


•07 
••>o 

•33 
•60 
•60 
•70 
■83 
•95 
120 
1-36 
1-60 


•07 
•16 

•20 
9» 


The eUatkaty reBUdm nearly perfect up to 8640 Um. 

Broke by tearing thnaghthe toUd plate on tiwhottmn^e, 
f incha from the diadde, aa the wdght was laid on. 


•■■ mtiinale dflfleetit 


m-l-SU 


TlateXI[L4s.l6. 



A flaw having been discovered in the pkte when the fracture 
took phice from imperfect welding, a stronger plate, 14 inches 
long and one-fourth of an inch thick, was riveted over the crack, 

and the experiment repeated. 



Experiment XVn. — August 4th, 1845. 



Rectangular tube the same as before. 



Wiij^|thi 


1b Indies. 


I>eflert5on, 
removed. 




5.i80 


•65 


•08 




6.460 


•77 


•15 




7,520 


•90 


•18 




8,6 10 


105 


•23 




9,760 


1-20 


•30 




10,880 


1-31 


•21 


The defects of elastirity wprc not, from some vmknown 


12,000 


1-46 


•21 


caiues, clearly indicated until the weight 14,240 lbs. was 


13.120 


l-«0 


•21 


removed, when the defectt were fbnnd =•60. Probably 


14;240 


1-76 


•60 


this might have amen from lome unequal teaakm. 


14,800 


211 


•62 


15,360 


217 


•62 




16,920 


2-28 


•68 




16,480 


2-.l*^ 


74 




17.040 


8-38 


•80 


With thb «e%ht the top plale gave way hy compwaston. 


17,000 






Ultimate deflection »2*66.| Plate Xill. 6g. 16. 
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As this descriptum of beam indicated veiy considenible 
powers €i fesistance, it was deemed advisable still Ibrther to 

test its powers, by allowing the weight 14,240 lbs. to remain 
suspended during the night. This was done during a period 
of 17 hours, after which the load was removed. The deflection 
during that time bad increased from 1*75 to 2*00= '25, and the 
loss in elasticity was *60--'30=s'3. 

The beam during the two last experiments had suffered con- 
siderably iiom the severity of the btitiius to whieh it liad been 
subjected ; and it was considered that the anomalous condition 
of puckering, which had all along been present, might be avoided 
bj reversing the girder with the broad flange uppermost, 
^nds was accordingly done, the injured part having first been 
straightened; and a strong plate 19 inelics long having been 
riveted upon it, the experiment was again proceeded with as 
follows : — 

Experiment XVTI. h, — ^August Bth, 1846. 



Rectangular tube same as before j the beam reversed with 
the narrow flange downwards. 



Wdghtia 


DcHectioii 
tobdMi. 


Deflection, 




9,760 


1-40 


•as 


The ddoedm aad p«nMMiit ttt nwt lie added fotud 


10.880 


1-65 


-.50 


MdMnctad ton the ra^podii* «iuib«n I'M and -as. 


IS.OOO 


1-83 


•59 




13,120 


203 


•69 




14,240 


8-30 


•84 




15^ 


9'48 






um 


•••*•• 




BroV<^ vrVim ihr Tvriijht waa laid on hv rx*rnsion, the lower 






plate teanag uuuder 6 incbea from the centre of the 
tliaekle. 


.'. Ultimate detlectioa=i*58. 


Plate Xin. fig. 17. 



Owing to the broad flange being placed uppermost, it was 
expected that the tube would yield to extension, which was the 

case ; but the plate gave way at the rivets of a joint at some 
distance from the centre. This joint moreover had been a good 
deal strained by the former experiments, which may account for 
its fracture by a comparatively less weight. 
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Expenment XXy.--€leptember 20f]i, 1845. 

Ha^ ing tested the fK)wer8 of the larger description of girder 
in a variety of ways, the smaller one was treated in the same 
mannflr, as follows : — 

Rectangnlar girder 12 feet long, 8 inches deep, 1 indi wide, 
and 11 feet between the supports. 

Thickness of plates, top ... . -282 inch. 

„ bottom. . . 116 „ 

„ sides . . . ijf=-067 „ 
Wdght of tube =125 lbs. 



Weight of shackle =930 lbs. 





OcAaetton 
lafaMiMi. 


i)tlicction, 
load 




930 








1.780 


•u 






2,630 


•16 




When 9S74 Un. km laid on. the ends from liie extreme 




•21 




thinBini of tiie plilM were giving way i* the Mtppovlt. 


4,382 


•26 




Two ptoees of hard wood were however inserted between 


M14 


•32 




the ridei which kept them straight and prevented them 


6.105 


•37 


•010 


fron twirtisiS* 


6^43 


•41 


•012 




6^996 


•44 


•035 




7,433 


47 


•040 




7,861 


•51 


•050 




8,273 


•54 


•058 




8,693 


•58 


•075 




9.107 


•62 


•097 




9,545 


•67 


•118 




9,974 


•74 


•150 




10,386 


•87 


•243 




10,897 


1-06 


•325 




11^4 






The top plate <ioubIcd up with tlus weight 4 inches froiu the 
shackle. Finding the top of the beam the weakest, it 
was turned upside down, and a weight ot SliaUM. laid 








en to itraighten the injured part. 


Beam reversed. 


6,113 
6,549 


•51 
•60 


1 10 
■13 




6,978 


•74 


•33 




7,146 






WUh tiik wriglit the top pUte «tB iNcad iqmai^ 


Ultimcte deflection » '75. 


Plate XIV. fig. 24. ^ 



This girder, although extremely light on the sides, with a 



tolerably thick top, neverthdess gave way by compression. Its 

bearing powers were very considerable with the thick side upper- 
most, and provided that part had contained a little more mate- 
rial it would have carried upwards of 12,500 lbs. 
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During the progress of the experiments I had frequent con- 
ferenceswith Mr. Stephenson ; and having reported to him from 

time to time the results that were obtained, and the iiiij)it'ssion 
they made upon my niiud, he suggested that it might be de- 
sJiable to have a tuhe made of an entirely different form, in order, 
if possible, to throw the top side as well as the bottom of the 
tube into a state of tension. This suggestion was intended to 
obviate the anomalous condition of puckering, and to prevent as 
inucli as possible t iiat tendency to " buckle," which in every in- 
stance is more or less present in rolled sheet-iron plates*. It 
had a further object in view, namely, to relieve the strain on the 
centre of the tube, whether arising from the effects of its own 
weight or the load, by extending the length beyond the sup- 
ports to a distance of half the span on each side. This addi- 
tional weight, extending over the piers, was supposed to act as a 
comitei-ijoisc, A A, see Plate Xlll. tig. 18, l^eing the fulcrum to 
that part of the tube in the middle at B, and it would also assist 
in the support of the load during the passage of the trains 
through the tube. For these objects a tube was made of the 
form shown in Plate Xili. iig. 18. 

Experiment XVIIL a. — ^August 3rd, 1845. 

Rectaiigidar tube 37 feet 8 inches long, 13'25 inches deep 
in the middle, 7^ inches wide, with the upper part raised to 
17*25 inches, as at A A, and 18 feet between the supports. 
The width of the top and bottom plates as per section below. 

* ItkalniMtimt to impOMihle to roll plates with all the pMrtiin the Mume 
degree of tension. Almost every plete has more or less "ImcUe," and it 
lequiies no inconsiderable degree of ddll to elongate those psits of a plate 
where the tension is greatest, and also to find out tibe parte which cause the 
** Irticlde." A consideiable portion erf Taxiable tension in the composition of 
plates is probably caused by uneqoal contraction in the process of cooling, 
and also by a difierenoe of tempexature in the blooms from which the plates 
are rolled. 

r2 
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ThickoeM of pUtes, top ... . i^as -1425 inch. 

„ „ bottom . . i^'-*?= -1425 „ 

sides . . . i^=1127 „ 
Weight of tube C3640 lbs. 
Weight of shackle =800 lbs. 







llrllri-tion, 
loui 
rcu»MV«-«i. 




mo 


•09 










1.990 


•90 


•OS 








3,010 


33 


•09 








4,160 


•4:» 


•09 








5^S0 


•:>» 


•16 








6.400 


71 


•19 








7,590 


•84 


•99 








8,640 


•90 


•97 








8,760 


1 18 


•39 














With thU wdght th« tof illte i 




•taiMlMt 








from Um aliackk. 




.•. iniintM d«9«otioB* I'Sl. 


Plato Ull.9g. 19. 



After the top side had yielded to compression the weights 
were removed, and the supports under the bottom having been 
lowered, the tube was supported on two cross bars passing 
through the tube at A A, and the weights were again suspended 

upon it. 

These weights when laid on made no dill'erence in changing the 
direction of the forc(», as the top plate was agiiin forced upwards 
by compression, and that to a greater height than before, acoom> 
panied with increased distortion of the sides, which shortly 
became collapsed diagonally on each side of the shackle. 

In tliis cxprriincnt it is probable that some degree of tension 
was induced ulon<r the upper line of the top plate, as tho ex- 
treme end of the tube was raised with some force ns the weights 
were increased. This property of the weight raising tiie end 
over the fulcrums A A was strikingly apparent when the whole 
weight, lO.^OOlhs., was laid on ; but it did not appear to alter 
the conditions of tlu; middle part, wliicli was forced upwards hy 
compression, and ibliowcd the saiuc kw as ii' it had been ibrmed 
of a single beam. 
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These appeanmoes indicated a tendency of the two ends, 

when extciidi'd to half the distance between the supports, to 
net as a (*()iiiiter})oibe, and not only to change the direction of 
the strain on the top side, but relieve the bottom, which in 
other respects must have borne the whole weight. From this 
it 18 infened, that the tube in its M sise would be greatly re> 
lieved by increasing its length on each side of the land towers, 
fxs Hi the case of the Britannia Bridge, to the extent of half the 
span. 

As a further illustration of these views, the injured part of 
the tube was repaired by riveting an additional plate of the 
same thichiess along the top side over that previously damaged. 
With this addition the experiment was again repeated. 

Experiment XVIII. repeated. — ^August lOth, 1845. 

Rectangular tube same as before. 

Thickness of plates, top ... . s*2850 inch. 
„ „ bottcnn . . . S8'1425 „ 

„ „ sides. . . . ss*1127 „ 

Distance between the supports 18 feet. 



Wdgbt iu 


in incboi. 


Drtlrctuin, 


Renuurka. 


7^90 
8,640 
9,760 
10.880 
19.<MN) 

13.190 
19,680 


•68 
•84 
•99 
115 

lai 

1 40 
1-64 


•04 
*10 

•16 
•95 
•89 


With this weight, 1900, th« ddes were tUghtijr puckered, in. 
diettlDg « itndMMr to fiww ilM top «Im 

Paekerad m bcAm by eompreMion, tha top plate donWng 

up 13 inchrst from the ahackle. 


..UMiMleMeikMi-Wl. 


Plata XULSg. 18. 



On consulting the two last experiments, it is obvious that no 

great increase of strength was obtuned by donbling the thick- 
ness of the top plate. This may, however, be nccounted for by 
the circumstance of the top plates bein^ uiutcr instead of above 
the line of comprosdon. hi every di^scription of girder corn- 
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posed of malleable iron, and probably of any other material, the 
upper side should be elevated to a greater height thau the line 
of ultimate deflection. It should always be above, but never 
below the horizontal hue of oompreaabn. Another cause of the 
failure of this tube, with a comparatiYely less weight than the 
increased thickness of the top would indicate, might be traced 
to the severe injuries wliich that part sustained in the previous 
tests. Ilence followed the puckernig of the top side, at a much 
earlier stage of the experiment than it should have done, had 
the plates been sound and the line of the forces changed. 

The experiments on this form of tube are perhaps the more 
interesting from the fact, tliat they exhibit certain defects of 
form, which it may be desirable to avoid in girders of this de- 
scription. If the parts suspended beyond the piers are intended 
to act as a counterpoise to the load, it will then become neces- 
sary to have the gnxler of uniform strength and texture, with a 
slight curvature of the top side about depth. With 

these precautions ui th(-' construction, the strength woidd be 
greatly improved, and being subjected to severt' strain, will 
follow the same law, as regards extension and compression, as 
those of a girder of the simple form. 

Durmg die progress of Experiment XXII., when the elliptical 
tube, after being strengthened by an iron cellular fin riveted 
along the top, was found defective in resisting the crushing force, 
it then occurred that a different con^tnu tion might be introduced 
80 as to give strength and rigidity to that part. For this pur- 
pose, I sketched out, and gave orders for, the construction of a 
tube with a ooirugated top, forming two longitudinal cavitiea 
along the whole of its top side, as exhibited in the sketch, 
Plate XIV. fig. 27. 

This tube was executed with considerable care, and having 
been submitted to the usual experimental test, the results were 
as follow : — 
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Experiment XXDC. — October 14ih, 1845. 

Rectangular tube with a corrugated top, 19 feet 8 inches 
loQg> 15 '4 inches deep, 7 7d inches wide, and 19 feet between 
the supports, 

Thidmess of plates, top . . . ^ 115 jncb each. . 
„ „ bottom . ss'180 „ » 

„ „ sides . . . ="070 „ ,9 

Weight of tube =500 lbs. 
Weight of shackle =988 lbs. 
The tubes a a were 1*65 inch diameter. 



Wdjgitta 


Deflection 


Defleetion, 

loMl 

ranovcd. 




988 


•035 






2,73« 


•HO 






4.468 


■190 






6.215 


•270 






7,924 


•3t(l 


•020 




9,636 


•424 


•060 




11. 


523 


•<I62 




13,041 


•640 


•095 




14,751 


•735 


•125 


With the weight 18,205 lbs. the deflection increased 02 


16,tIM) 




•i8f; 


inch in three niaiitw. 


18. 205 


1()7<) 


•276 




1 9.()f>.i 


1155 






19,918 


r270 


•400 




20,764 


1-425 






21,r)29 


1520 


•590 




92,469 






Broke by the side ^ate tearing from the top at 2 feet from 








the diaekle. 


.'. Utttmi 


iU deflectioa«l -5d. 


Plate XIV. fig. 27. 



A short time previous to the tearing of the sides from the top 

at the rivets, tliat [);irt had begun to assume a slightly undula- 
ting appearance oii one side, arising from tlie weakness of the 
side plate, which gave way near to the shackle. This was not, 
however, the onljr part that suffered under the strain, as the 
opposite side was tearing from the bottom pkte at the same 
time, evidently showing a rapid approach to rapture on both 
the lower and upper sides of the tube. These parts exhibited 
important features in the due and perfect adjustment of the top 
and bottom, which in this case were calcukted to resist, as nearly 
as possible, the forces acting upon them. 
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Another property of oonaiderabfe importmiee, m tliu damip - 

tion of girder, is its progressive tendency downwards to destruc- 
tion. It is widely different from rast iion and other CT}'stalline 
substances in this respect, since, kom its fibrous nature and 
greater ductility, it gives timely wanung before rupture takes 
place. This pn^ierty was noticed in several of the fomner ex- 
periments ; and in this experiment, it became more apparent 
after the wiioie weight 22,409 lbs. was laid on. With this 
weight, more than three minutes elapsed before the experiment 
was completed and the tube rendered unfit for use. 

Experiment XXX.— October 10th, 1845. 

On a malleable iron beam, of the annexed sec- fi^. gg. 
tional form, 1 1 feet 7 inches long, and 1 1 feet be- s 
tween the supports. 
Dimensions at a = 1 000 in. x 2^ in. 

6ss 325 in. X 7 in. 
c= -880 in. X 4 in. 
Weight of beam =227 lbs. 
VV' eight of shackle =885 lbs. 



»* 



9t 



n 



Weifcht in 

1 ])>•<. 


Deflection 

in iTichc^. 


Deflection, 

load 


Remarkn. 


ssr, 
3,581 

Mi; 

6,050 

7.743 
9,493 


•04 

•90 
•26 
•85 
•46 
•60 


•09 


With this weiieht the beam became distorted, and continntng 

the weiglit for some time, the dcni i iim kc]-: iinT> ,iMr ^- 
OQtil it beat Uterally ao m to be no longer able to itiuuiu 
Am load. 


Ultiiiutedefleetioa>-60. 


Plate XIV. fig. 25. 
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Experiment XXXI.---October 10th, 1845. 

On a malkuble iron beam^ of the annexed sectional form (see 
fig. 66), 10 feet 8 inches long, and 10 feet between the sup- 
ports. 

Dimenaioiifi at as=l*000 in. X 2f in. 
„ „ *850ui.x8ia. 

„ <?s= *440in.x4 30in. 

Weight of beam =247 lbs. 
Weight of shadde =885 lbs. 



Wdg>ttn 


UeflectioQ 


I>edcction, 




8S5 












2,631 




■04 








4^8 




•la 








6,098 




•15 




* 




7,827 




•19 








9,585 




•21 








1 l,-'7s 




•26 












•30 


•OS 






14,e83 




•35 


-OS 






16^73 




•15 


•09 






18,115 




•68 


•a6 






1«,MB 








Wltlt this wdght the bam 


(Bitortad and 1lM»«gqpeH- 














.'. tmianfee 




ion-Tl. 





In both these e]q>eriments the beams yielded to lateral de« 
flection, showing certain defects of form arising from want of 
lateral strength and breadth in the top and bottom flanges. 



Experiment XXXII.-— October 10th, 1845. 

Malleable iron beam of the same fom as the last, 10 feet 7 
inches long, and 10 feet between the supports. 
Thickness asl*000m.x2*75]n. 
„ is= -880 in. 

c= -420 in. X 4-30 in. 
Weight of beam =276 lbs. 
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\V'^|fat in 




Deflection, 
load 










885 

s.eoA 

4364 

6,105 

7,h;i5 

11,257 
124)99 
14,728 

lf5,4(»7 
18,108 
19,839 
21.553 
22,387 


•020 
•050 
•090 
•110 
•140 
•1G5 
•195 
•220 
•260 
•250 
•290 
•370 
•475 
•590 


•03 

-m 

•04 


With 21 .558 lbs. the deflectioa increased in four miBates 
•025, in the next four minalei *I0, nd in IbwBrinrtet 
more it had tank to '94* 

Bent laterally ii p warda al MB btAm^ ^rbtm flw mm^^fimmmt 
was discoDUnued. 





The above was the last trial made upon solid beams. They 
arc ohviouflly much inferior in strength to the hollow rectangular 
girders. 

The preceding experiment was completed on the 14th of 

October 1845, and from that time till the beginning of July fol- 
lowing, little or nothing w as done. An abridged report, giving 
a summary of results from the experiments, was read to tlie Di- 
rectors of the Chester and Holyhead Railway Company. That 
report is now before the public ; and from the satia&ctory nature 
of the resultB therein recorded, and those in particular obtained 
from the tube with the corrugated top, the Directors were in- 
duced, through the reconiniendatiou of iMr. Stej)henson, to ado})t 
this description of bridge in preference to others of a less prac- 
tical character. It was nevertheless considered neoeasaiy to 
make some further experiments on a larger scale, in order to 
determine the form and proportions of the tnbes. For these 
objects an entirely new uiodel tube, exactly onc-xi^vfh the dimen- 
sions of the Britannia Bridge, was constructed, and having 
arranged the i^paratus, as shown in the annexed figure, the 
experiment was proceeded with as before. 
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Apparatus for £aepmme»U$iff on ike Model Tube. 

Fig. 67. 




Fig. 68. 




Fig. 68 represents at A a side view of the model tube, 75 
feet ht'twctii tin; siipjjorts j B is the platform, suj)])orting the 
weights, suspended from two cross-bars passing through the 
sides and resting upon the outside angle-inm and tlie bottom 
of the tobe, as shown in the section, fig. 67, at a» a. GG is a 
balk of timber passing under the cross hnks 6, which on being 
raised by two powerful serew-jticks e, v, lifted the lojid from otl' 
the tube, iu order to aseertain the effects of the successive loads 
u{)on the elastic powers of the tube. The temporary supports 
D D were only used for the purpose of receiving part of the M* 
ing load, in case of accident or the rupture of the tube. 



Model tube.— Experiment XXXIU.-^uly 10th, 1846. 

Kectangidar tube 78 feet long, 4 feet 6 inches deep in the 
middle, 2 feet 8 inches wide, and 75 feet between the suj)ports, 
being as nearly as possible cue-sixth the dimensions of the pro- 
posed tubes across the Menai Straits. 

[1 upper plate 
Thickness of pktes, top 1 division plate 

1 1 lower plate 



l_l7 
7 



= 147 inch. 
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'f =180 inch. 



"5 = 099 



ThidmesB c£ platM, bottom .... 

Weight of tube =10888-94 lbs. 

Weight of ahackle aod platform for supportmg the weight 

=2037 n». 



1 W*4^t in 

! 5, 


1 Drflection 




Jt.riri:Lrki. 




load 

rci[i< i> fd - 


2,037 








^,571 


•175 






7,082 


•275 






9,596 


•875 






12,136 


•485 






14.679 


•575 






17,214 


•635 


-035 




19,725 


•800 


-035 




22,003 


•925 


-075 




24^ 


1-045 


■086 




26.415 


1140 


•100 




28.519 


1 235 


•105 




30,632 


1-335 


•115 




32.769 


1-450 


-150 




84^7 


1-560 


•200 




17.079 


1-660 


•245 




89^ 


1-780 


•290» 


* At this point tbe icrew>jac1<B wrrp nr> longer able to raise 


41,476 


1-900 




tlie weight, oontaqoently the ikfcctii of elasticity could 


43,6()2 


2'KM) 




not be taken until the load 68^78 lbs. wu removed. 


45,811 
47,939 


2100 
2-200 




The ymfhi 56«577 Un. «ai ■omerKied ioe one luHir upon 
fhe tabe, whteh etOMd an uerMM of deflection from 


so.ori 


2-300 




2 700 to 2 850. 


52,2.'>3 


2-400 




With the weight 68,37i^ lU. iwme change took place, nriaing 


5j,);ii 


■2 3-2:, 




probably mm p«c vt tbe ibtin being fenoftd dnriag the 


56,^79 


2-700 




night. 


58,729 


2-930 




On the following morning the wd^ita wen CBtirdjr re< 


60,911 


3-000 




moved, wh' n th. ))ermaBiBt Ml WMfiNnd to be -1106, 


68.059 


3-800 




M marked in the tabla. 


65,564 


3-400 






67,842 


3-575 






68,378 


8-425 


•806 




70,618 


8-625 






72,858 


8-726 






75,098 


4-050 






77.338 


4-375 






79^78 






Broke after nutauung the load a minute and a half, tbe 






boti li 1 1 ate tearing aaoniarS feet ftMa the oentn of 

tbe thacJile. 


intbMte deflection -4*5. 


Plates XY., XVL and XVII. flgbt8»»»«^«l^8S^84.&«. 



In the oonBtmdaon of the model tube, from which the pre* 

ceding and succeeding experiments were derived, the cellolar top 
was at first nearly three times the area of the bottom, with a 
view of enabling us to increase the area of the section of the 
latter part, until an cquOibrium of resistance was attained he- 
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tweea the forces of otHnpreasioQ and eztenaifm. At eveiy sac- 
ceeding fracture, the strength of the bottom was increased, vntO 

its resistance to extension became greater than the resistance of 
the cellular top to compressioD. The repairs upon the bottom 
part of the tube would evidently cost much less labour and ex- 
pense, than any iqiairBthat might have been required upon the 
oelluhir top, whkli accounts for the excess of strength in that 
part. 

In the last experiment, the comparative areas of the top, bot- 
tom and sides were as follow : — 

Area of the top .... ss 24*024 inches. 

Area of the bottom . . . = 8 S00 „ 
Area of the two sides . . = 9 000 „ 

Immediately after tMs experiment, the tube was repaired and 
strengthened by two additional plates, each G J X i^th of an inch 
thick ; and having repaired the injured parts of the top cells, 
and renewed the firactured plates below with an increased area 
of the bottom =12*8 inches, the expenment was again pn> 
ceeded with as before. 



Experiment XXXiV.^uly Slat, 1846. 

Bectangular tube (model tube) one-sixth of the dim^isions 
of the proposed bridge. 
Total length of tube 78 feet. Breadth 2 feet 11 inches. 

Depth 4 feet 6 inches. Length between supportb =75 feet. 
Thickness of plates, bottom plates . 

side pktes . . 



» 



ft 



» 



ft 



*> 



n 



>» 



upper top-plates 
lower top-plates 
division plates . 



Area of the top 

Area of the bottom .... 
Weight of tube =1,088,894 lbs. 



=0 156 inch. 
=0099 



=0147 

= 24024 
= 12-800 



If 



9t 



9t 
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No. of 


WeiKhtlB 


■ 


cifM-ri- 




ill irn h'"i 


1 


2,0^0 




9 


13 707 


()>40 


9 

V 


17 470 




A 


21 258 


0-74 


V 




1 >'1H > 


a 

U 




1 01 


7 




l'I2 


a 


32 431 


l'22 


9 


34,985 


1*32 


10 


37571 


1'43 


11 

A 1 


40 157 


1*54 


12 




1 (13 


1.1 

1 AM 


4.5 .'{.37 


1-73 


1-1 




1*82 


15 


541 *iAS 


1-89 




53 501 


A 


17 


,';fi.o83 


9-08 


1 N 




2<18 


* ^ 


ft] ftlA 


9*9li 




63^17 


^37 


91 




2*46 


S9 

mm 


69,141 


2-56 


23 


71.821 




24 


74,366 


2-79 


86 


76.951 


2-86 


M 


W,979 


2-99 


27 


82,.^ 14 


3-09 


28 


85,0216 
87,510 


3-31 


29 


3-39 


80 


89,844 


3-50 


31 


92,113 


3-62 


39 


93,769 


376 


38 


95,432 

iKr»io2 


3-93 


84 





I moved. 



014 
0-14 
0-16 



Fig. 69. 




Tb» weight, 45,d371>)S., was left &usi>cn(kd upon the 
tube ror ^ztoeti hours, when the deflection was 
again taken, and found atUl tiie aame, vh. 1*78. 
Prom this it appears, that all the parta of the cube 
under strain had become permanent at ngarda 
their power of resistaace to the load. 



With this weight (82,.'»54 the dpfl. ction in- 
created in ib^-ftve ouuntea £kmd 3 09 to 3*i2. 



The tabe ntve way at one end by twisting out of the 
perpen&nlar, aa ahown ill akclch at after aua- 
taining tiie load 97,1W Iba. a few aeeooda. 



.*. Ultimate deflectioB sO-4. 



Plalea XVill. and XIX. iiga. 86. 87, 88, 88 and 40. 



From the above expenment» it is obvious, that failure was not 
caused from want of strength in either the top or the bottom, 
but from want of stiffiiess in the sides. This was not so per- 
ceptible along the sides of the tube, as it was at the ends 
where it rested on the supports; and provided a strong iron 
frame had been introduced, such as was afterwards applied, it is 
probable, that the experiment might have been continued till 
rapture took place, as in the preceding experiment. 

The tube having been greatly distorted by one end twisting, 
as shown in the preceding exjx'rinient, it was a*rain strength- 
ened and repaired by the introduction of vertical burs of 1^ 



Digitized by Google 



KEOTANOVLAB TUBES. 



255 



an^e-uon, riveted to the sides (intemally) at every 2 feet. 
A St. Andrew's cross, as shown at A, fig. 70, Fig. 70. 
was also inserted at each end. With these 
repairs, no additional strength having been 
introduced, the experiments were resumed 
August 22nd, as foUows : — 

Experiment XXXV.— August 22nd, 1846. 

The same tube as in preceding experi- 
ment. The sectional areas in the middle, 
as follows ; — 

Aieaoftop .... =524*024 square inches, 
bottom . ... =12-800 „ „ 
„ the two sides . ss:4*5x2ss:9'000 „ 



Wo. of 


Weirht in 


Deflection 






BMBU. 


lb«. 


in inchM. 


IflWl 

remaved. 




1 


22,801 


0-875 






8 

3 


36,1 7y 
47,4<;7 


1-850 






4 


58,875 


2-850 






5 


ro,m 








6 


77.527 






Till!* ^vr'[:V<t wa-s left on ninettM hmm, lAenUie 


7 


82,l/"il 


3-83 




(intieetiou increased from S-^iO to S'5M). 


8 


8«,Hl;{ 


3-97 




At thi^ point tlie nqperiment was discontinued, and 


9 


91,411 


4-18 




80 tons was left nupended upon the tube from 


10 


SS,09S 

98,412 


4'S8 




tliia date, August S8nd to September 10th, when 


11 


4-40 




the (Inflt-ctioiiH were again taken, and were found 


18 


100.748 


4-4I> 




to hAve iucreased from 8*5 to 375 inches. 


13 


103,070 


4-ti2 


Ill « xjpnraentawaetliMnninniLlMfliiiibiKiiitt 


14 


105,391 


4-69 




88,178 Un. 


15 


107,714 


4-82 




16 


110.0.'W 


4 94 






17 


112,216 


510 






18 


114,52.1 


5-27 






19 


116,759 


5-38 






80 


119,169 


5-50 






81 


181^ 




1-96 


Here the platfom >i!=(nlnine (he woig^hts gave way 








and stopped the experiments. September lUh. 
The plitfbnm iMving been icMored, the same 
weight was again laid on, wd the eKperijneat con- 


88 


183.724 


5-68 




tinue. 


» 


186,128 




,., ni l' Airli thia weight, 56*3 tons, thf plates iraring 






1 asunder at a distance of inches from the shackle. 



.*. UHiBuite deflection —5'79, 



It will be necessary here to remaik, that after the failiiie of 
the platfom on which the weights were suspended, and pre- 
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viouB to the oompletioii of the experiment, it was dednble to 
asGertain the defects of elastidtj. The whote of the weights, 
121,443, were accordingly removed, when it was found that the 
tube restored itself within 1'9G inch of its original form, equal 
to a permanent set of nearly 2 inches. 

If we consider the position of the tube and the dose approach 
upon fracture, when the suspended weights and pktform gave 
way, it will appear evident, that riveted plates, when subjected 
to a transverse strain, have no inconsiderable claim to attention, 
either as regards their elasticity or their powers of resistance to 
severe strain. In the above experiment, it will be seen, that 
although verging on rapture, the tube still retained an dastic 
force of 6-50— 1'96=:3*54 inches. 

On a careful inspection of the top of the tube previous to 
laying on the last weights, an appearance of failure was per- 
ceptible. This was confined to the rivets of the top plates, 
which were cut, as if sheared by a sharp instrument. These 
appearances may however be attributed to a mistake made hj 
the foreman in making k^, instead of butt joints of tiie plates 
which covered the cells. 

In the last experiment, the tube was torn asunder through 
the bottom, with a weight of 50^ tons, and the cellular top 
having continued to exhibit unimpaired powers of resistance, it 
was deemed necessary to repair (he injured parts a third time. 
It was further deemed expedient to rivet two stronger slips 
along the bottom, 20 feet on each side of the centre, in order to 
enlarge the sectional area in the middle, and to force the top to 
yield to compression. These strips were 9 inches wide and 
half an inch thick, which increased the area of the bottom from 
12'8 to 17*8 inches. The injured part of the sides and top 
were also restored, but without making any addition to the 
strength of those parts. The tube ha\ ing been thus repaired, 
the experiment proceeded as follows ; — 
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Experiment XXXVI.—October lOtli, 1846. 

Area of the top . . . ==24 024 inches. 
Am of the bottom . . :=17'800 „ 



No. of 
exprri- 
menta. 


lb*. 


Deflection 
in indm. 


Deflection 
with UmU 




1 

2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
16 
16 
17 
18 
19 
90 
21 
22 
23 
24 
» 


2,037 
61,649 
65.892 
70,116 
74,363 
78,846 
83,911 
88,682 
93,338 
99,131 
103,803 

113,090 
117,661 
122,397 
127,04.'» 
129.178 
131,521 
133,876 
136,150 
139,304 
141.579 
143,727 
1454)23 
148,199 


1-30 
1-62 

1- 73 
1*88 

2- 01 
217 
233 
2-48 
17» 

2- 87 
303 

3- 22 
3-40 
aHI8 

3- 87 
101 
412 

4- 27 
4-37 
4-62 
4-73 
481 
4-88 




74,368 Ibl. were left on for forty minuUis without any 
pwoeptible cha&ge. 

About 45 tons were left suspended on the inhe for 
tweoty-one tioQi% bat wHttoot ttaj inoeiM in the 

1 

Here the deflectioQ increased from 3*63 to 370 in 
five ninutes, wbeii it beetme fiied. 

With 127,045 lbs, the cellular top gave slight indiot- 
tiqu of puckering «t the top edge ua both aideo. 

Broke with this weight, the bottom tearing asunder 
througli the solid plates. Tlie sides were also 
damaged, as shown in Plate XVII. fig*. 33, 34 
and 35. On a careful exarainatioa of tbe fraclnre 
it was found that the 9-inch strips wrrr vrn- de- 
fective, having more the iq>pearance of cast than 
HfOilglil-iniD. 


• 
• • 


Ultiiintei 


llflABCtiidD 




* 



From a slight settling of the ground, where tlie heavier 
weights were laid on, some doubts were entertained as to the 
accuracy of the deflections taken in this experiment ; and in 
order the more effectually to determine the error, if any, two 
different methods were resorted to ; one by weights attached to 
a fine line at each end of the tube, and the other by a fine wire, 
which moving over a pulley at one end kept them in the same 
unitbrm state of tension. These two methods were subsequently 
adopted, and when any difference existed, which was seldom 
the case, I generally took the mean of the two observationB. 
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The number of times that the tube had been repaired «id 
restored to its orig:iiUkl iurm, furnished grounds for ho\n\ that 
the la8t addition to the bottom would have crushed the cellular 
top, and enabled us finally to have closed the experiments. The 
results ^were however difoent from our expectation, the bottom 
having yiehled a third time to tension : we were again com- 
pelled to repair the damage, by cutting out the fractured parts, 
and renewing them in the bottom witli stronger and better 
plates. 

In eveiy case, the rapture of the bottom plates oonnderably 
damaged the top oeDs, aa well aa the sides ; in oonsequience of 
this, the repahrs did not merely consist in makmg new plates for 

the bottom, but also hi tho slrai*^liiciiing of the sides and upper 
cells ; and somt tiuioa even in tlie renewal of the injured parts. 
In the present instance an entirely new bottom, extending 20 feet 
on each side of the shackle, was introduced. This bottom waa 
composed of double plates, one-fourth of an inch thick, with 
two strips along the middle as before ; by these repairs the area 
was increased in the middle from 17'8 inches to 22 45 mches. 
The other damages having been repaired the experiments were 
again continued. 

Expoiment XXXVU.— December 7th, 1846. 



Area of the top =s24 024 inches. 

Area of the bottom in the middle . =: 22*450 sq. inches. 
Weight of tube 5 tons. 16 cwt. 1 qr. 





Wwgbt in 




Deflection 




I 


2,U37 


000 






2 


59.133 


1-09 






3 


7Wi 


1-75 






4 


87,18S 


I'M 






5 


95,172 










104.568 


2 4^ 






7 




2-70 






8 


I24,2U3 


a-08 






9 


139,007 


320 




IflSfOOTTbi. were left sotpended on die tube fir 








eiphtrcn hours, vthfw th.- (Irfli^fninn •^-a'* aprain 
takea, and found to have increased Irom ^'20 to 
SttiMllM. 
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At tbig stage, it was deemed advisable to disoontinue the ex- 

perirneiit until the tube was laid on its side for the purpose of 
ascertaining its lateral strength, and also for determnuug the 
resistance which tubes of this construction would offer to the 
actioD of the wind. For these objects the weights were removed, 
and in doing so, great attention was paid to the deflectioiis as 
each lajer of weights was taken off the scales. This was done 
for the purpose of ascertaiiimg the elastic powers of the tube, 
which, taken inversely in the order of the weights as they were 
laid on in the last escperiment^ were as foUows : — 







in inchM. 


Defleetioo 
with loftd 
retnoved. 




1 

8 

a 

4 

5 
6 
7 
8 
9 
10 
11 

u 


129,007 
113.847 
104,263 
94vllO 

85,071 
74,644 
61.U7S 
49,700 
38,577 
25.619 
13,2<)4 
9,9,'57 
0,000 


3-35 
815 
3-00 
2-83 
2-61 
2-43 
208 
1-83 
l-ffS 
1 22 
0 92 
fr45 
0-43 




The pemuaent set, w lo 
«wy 0'48 indu 




tid^, ii theniDin 



At the veiy oommencement of the experiments on tiie model 
tnbe, it was intended to set at rest, by direct experiment, the 

question so often mooted as to the cirecta of the wind upon the 
tube ; and the present appearing to be a good opportunity for 
solving the problem, it was considered advisable, after subjecting 
the tube to a weight of 68 tons for eighteen boors, to lay it upon 
its side, and test it in the nsual way. It was accordingly laid 
flat upon the blocks, and with the same shackle and platform 
suspended from the upper side ; the experiment proceeded after 
the manner shown in the following table . — 



8 2 
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Experimeiit XXXyin.--Deoember 9th, 1846. 

The tube laid on its side. 



Vo.at 
ranU. 


Weight in 
Ua. 




1 


9,m 


(K» 


S 




028 


8 


9.103 


0-62 


4 


11,648 


085 


6 


13,880 


1-02 


6 


16,048 


MS 


7 


18,204 


1 43 


8 


20,349 


1-65 


» 


22.467 


1-81 


10 


24.646 


2-2» 


11 


26.781 





' Deflection 
With load 



Recuriw, 



The weigbt 96,781 Hm. wn left vaipended opra the 

tub«- for <4ome hours, when the f!i . tl.n, was apain 
taken, and fouad to have iucrcawsd by 0*14, or 
ftvBi tM to 8*8 inehea. 



Pluvious to the application of the weights on the sides of the 
tube, when laid fiat upon the supports, the deflection was found 
to be '85 inch with its own weight. With 12 tons this de- 
flection was increased to •85-|-2 36=3'21 inches, the amount 
of detlcctioii due to fths of this weight of the tube aud the load, 
or about 15 tons. After these tests the tube was restored to its 
proper position, and having applied the wdghts as b^ore, the 
defects of (latersl) elastidty were found not to exceed ane^ientk 
ofm inch. 

Adding f ths of the weight of the tube to the niuubers in the 
column of weights in the preceding table, we have 



\ 

No. of 


DcflcctinR weight 


Ueflrrtion 


expe^nmetitx* 




in uidi». 


8 


88,017 


1-87 


7 


96;mi 


I'M 


9 


30,583 


2-66 


U 


34,918 


3-81 



Patting d = the deflection in inches, and Ws: the deflecting 

weight in lbs., then we hud that the i'urmula 

nearly represents the relation of the deflections and weights in 
the last table. 
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Now taking the constant for the tube in Experiment XIV. (p. 

2 / i; tu apply to the present (;ase, we have hy formula (5.), p. 275, 

AdC 55-47 X 4 5 X 11*7 oonx ortift^tn. 

W=-j-= 75 ^38*9 tons =87176 IbB. 

Hence, by the foregoing formula, we have tor the ultimate de- 
flectiou of the model tube, placed upon its side, 

>=^~— •43=7*55 inches. 

Having attained satisfoctoiy results as to the lateral strength 
of tnbes of this constraction, the tnbe was restored to its vertical 

positiou and again loaded, m the following table. 

Experiment XXXIX. — December 14th, 1846. 



The tube raised to its former vertical position. 



No. or 


Wdght in 


I>eflection 
ia inche*. 


Dellertion 
«ritta load 






rauoved. 




1 


2,240 


(KK) 






2 


11 


U70 






3 


20,169 


1-31 






4 


SS,183 


1-91 






S 


54.1l» 


MS 






6 


79,548 


2-77 






7 


105,883 








8 


S-17 




This weight was left suspended on the tube Ibr wSm 
days and nights, viz. from 12 o'clock on the ]4tb 
till the same boor on the 23rd, when the dedee- 
tion was found to hum tocreMed friwi 9rlf to 
3-23iDdiM. 



The object for wMch the fost portion of the experiment was 

made, was to ascertani the ettects produced upon the tube by 
long-coutinucd strain. This experiment was analogous to those 
made upon cast-iron for the British Association for the Advance- 
ment of Sdenoe*. 

The effect of time upon material when subjected to severe 
strain, and that more particularlj when the load approadies the 
point of fracture, has long been a question of doubtful solutiou. 
In subjecting any ])ody to a pressure, which carries it beyond 
what is denominated the elastic limit, it is then considered unsafe 
to load it to any greater extent. At that point the body has 
* TmnaetioiM of tbe British AMOciation, Mr. Faiibaira'B Report, vol. vi. 
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taken a permaneDt set, its atoms or fibrous stmctore are changed, 

and on the whole it is considered prudent that the peiiiiunent 
loud ahould not exceed this Umit. 

Now, according to experimental facts recent^ ascertaiued, this 
view of the subject appears to be a mere assumption, as the ex- 
perimenta on the effects of time alhided to, clearly establish the 
fact, that bodies may be loaded (instead €f to one-third of the 
breaking weight, which is the assumed elastic limit) to within 
X^th of the load requisite to produce rupture and without endan- 
gering their security. Even at this point, the body will continue 
to support the load (in the absence of any disturbing cause) with 
undiminished energy as respects its powers of resistance. 

These important facts tend to increase our confidence in the bear- 
ing powers of bodies, and may further be useful in the advance- 
ment of physical science as applied to the arts. The position of 
an elastic limit is exceedingly indefinite, as the experiments con- 
ducted by Mr. Hodgkinson and myself have sufficiently shown*. 
In these experiments it is established, that the dastidty of bodies 
is not only affected by a comparatively small weight, but what 
is more than probable, every minute? weight will produce a 
change in the molecular structure of the body, as well as in its 
powers of elas^ty. 



Experiment XL. — December 23rd, 1846. 
Tube the same as in Experiment XXXDL 



Re. of 


Wei|htin 


Deflectioa 


Deflectkm 
withkud 




mmtt. 


Inlncbn. 






1 
8 
3 
4 

5 
6 


139,567 
144^2 
149,084 
151,772 
1^,4^ 


3-22 
3-38 
3-4S 
S-70 
3-81 




Weight left suspended on the tube tiiuce December 

uai. 

Broke bj ieariog ajiunder through the bottom at the 
end of new plates, 21*6 inches frova the shscVle. 
Area of the bottom at the peiat of frMtore 8-S 
inches. 


• • 


Ultinuite defection 







* TiBiuactioiiB of the Britiah Aatociatioo, vol. vi. 



Digitized by 



SaCf ANGULAR TUBES. 



268 



In the pieoeding eipexiinent tbeare is suffident evidence to 
show, that the pomt where the new plates terminated was the 

weakest part of the tube, and that the cause of fracture did not 
arise from the weuknesa of the mdt't^, nor yet from- the cellular fop ; 
but from a want of due proportion in the material which com- 
posed the bottom of the tube, and henoe followed rapture at the 
pomt of greatest weakness. 

These views are suffidently apparent from the fiiot, that the 
sides and celhilar top were never mcreased in strength from the 
commencement, and they sustained no injury, excepting only 
what was occasioned by the falling of the tube on the blocks, 
when the bottom was ruptured. It will further be observed, 
that the plates of the sides and oeUnlar top were of equal thick- 
ness throughout, and had to sustain a greater strain in the 
middle than in any other part, clearly showing that the bides 
and top were the strongest parts of the tube. Another circum- 
stance corroborative of this fact is, that the tube in the last 
esqieriment gave way with a deflection of 3*81 inches ; whereas 
in some of the previous experiments, a deflection of upwards of 
5^ inches was attained before the bottom was torn asunder. 
>»yvv if the sides or top had been the weakest parts of the tube, 
they must of necessity have been the first to give way, a circum- 
stance which never occurred, and henoe the inference, — ^that the 
relative proportions of the top, bottom and sides, are rapidly 
approaching the section of greatest strength*. It wiU be borne 
in mmd, that the experiments recorded in the preceding and 
following tables are upon a large scale ; and assuming that the 
tubes for the Britannia and Conway Bridges follow the same 
law as that of the model tube, as r^paids their powers of resist* 
ance to a transverse strain, we should then infer that we have 
sufficient stn ngth in the large tubes either as regards the wdght 
of traffic or tlie strength of the wind. 

The new plates in this experiment did not extend beyond 
* Tb«M reinarlw w«re written immedhtdy suooeeding the kBtekperioNiiL 
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21 feet on each side of the shackle, which left the reinainlDg 
portion of the bottom between those points and the supports on 
each side in their original form, viz. 8 S inch area. It is to be 
regretted that the new plates, ^th of an inch thick, did not ex- 
tend a few feet nearer the supports, as it would have increased 
the bearing powers of the tube and prevented the rupture which 
took place, as recorded in the table with a weight of OS tons. 

The repeated fracture of the bottom of the tube caused it 
again to be repaired with additional plates, extending a few feet 
nearer the supports. This being accomplished, and the sides 
and top having again been restored, the experiment proceeded 
as before. 



Experiment XLI.— April 15th, 1847. 

Area of the top ... . =24 024 inches. 
Area of the bottom . . . =22 450 



No. of 


Wcigiit in 


Deflection 


DrflcctioQ 


Renuu-kt. 




Ibi. 


iu inchea. 


nith load 


mcuti. 


removed. 




1 




0-55 








7 7 'i 


<h78 






3 


48..S78 


lil2 






A 


62,274 


1-48 






5 


77, .W4 


1-78 






fi 


JliM»!»i> 








1 










11 t,H(;o 1 2-70 






\ i 




3<»5 






\ in 




' 3:23 






1 u 


I J.{,7 


.•{•40 






1 \^ 


llK.ll.J 


3:afi 






> \A 


lo.*{.ox>7 


370 






li 


157.728 


378 






15. 


161.886 








m 


164.741 


3-98 






M 


167.614 


410 






m 


171.144 








lit 


173.912 


4:33 






2S1 


177.W8 


4-47 






21 


180.017 


4-5.'» 






22 


is;{,77n 


kM. 






2a 


I.s(;.i77 


472 






2i 


l.sn,17<) 










lib?.892 






Broke with this WRitrht (86} tons), the r^llnlar top 










jiuckfring at a ilistance uf 2 feet from the J»bacUc, 










the bottom aiid sides remaining uninjured. 


.•. ritimatp deflection = lifift. 


riate XX. figs, il and 12, 
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The 'cnisliing of the cellular top attained the object we had 

been in search of, from the commcnccnient of these experi- 
ments. It was therefore highly gratifying to find ourselves in 
a position that no longer admitted of doubt. This experiment 
determined the rehitive proportionB of the top and bottom areas 
of the tobe so as to balanoe the foroes of compiession and ex* 
tension, developed by a transverse strain, and farnished ako other 
datH necessary for the construction of a tube, having amaximnm 
strength with a given quantity of material. Having obtained 
these impcartant data» it became expedient to close the expe- 
riments, and from these data to deduce such fonnule as will 
enable us to compute the strength and proportioDS of any other 
tube subjected to a transverse strain. 

The next and closino; experiment is of a gigantic charnrter, 
namely, upon the large tube itself. It was resolved, in order to 
make security doubly sure, that an experiment should be made 
iqpon the first of the Conway tubes ; that temponury piers should 
be buflt under it at each end (corresponding with the span of 400 
feet) ; and that the deflections should be taken with variable 
and increasing loads, in the usual way. Immediately on the 
completion of the tube this was done ; the scaffolding, platforms, 
ftc. having been removed, the tube was suspended, and the ex* 
periment proceeded as follows : — 

Experiment XLII. 

Rectuiigular tube 412 feet long, 25 feet 6 inches deep in the 
middle, 15 feet wide, and 400 feet between the supports. 

Area of the top =670 niches. 

Area of the bottom .... =517 „ 

CSomputed weight of tube, including raik and cast-iron finmes 
at the aids, 1800 tons. 
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rio« of 


Diatuos 






Dfflfc 
tion. 








betw«ea 


Depth. 




Weight. 






wpporte* 












ft. iu. 


ft. in. 


ft. in. 


in. 


toim. 


The weight of the tube, 1300 tons, gaye a 
dedectiuu of nearly 8 inches, and 95 tons 


1 


400 0 


25 6 


lo U 


7-91 


0 


9 


400 0 


85 6 


15 0 


J>(>2 


95 


3 


400 0 


35 6 


15 0 


950 


154 


left in the inside of the tube for four boors, 


4 


400 0 


86 6 


15 0 


10-50 


801 


iacreaMd the deflection from to 9*85 


5 


400 0 


85 6 


15 0 


10^ 


301 


» 'S3 inch. This weight was continued for 
seventeen hours, with an in Ti'^L-e of de- 














flection '10 inch. After this «iO I tons, ex- 
clusive of the weight of the tubes, were laid 


























on, wboi theeqmiBMBt mu diaeoiituiiiad. 



All experiment upon the fiiii-sized scale was deemed the 
most satisfactory method of am?ing at correct oonduftions. 

The fint weight, 96 tons, was spread over a aoi&ce of 70 feei 
in the length of the tahe m the middle. 

The seomid weight was hiid over a sur&ce of 105 feet in the 
middle. 

The third over a surface of 150 feet in the middle. 
The last over a surface of 190 feet in the middle. 
On the 27th of Fefamaiy 1848, 10 a.m., it blew a severe gale 
from the N.W., which impinged upon the side of the tnbe at an 

angle of about 60°. This produced an oscillating motion, which 
being carefully measured, gave a lateral deflection ot "23 nicli. 
Towards noon the wind blew lu gusts, but the lateral effect upon 
the tube, although quite perceptible, did not exceed one quarter 
of an inch. 

The result of this experiment fully confirmed the preconceived 

opinion relative to tlie lateral stiffness of the structure, wluch ex- 
hibited then, as it does now, considerable powers of resistance to 
lateral strain ; and taking into consideration the great weight of 
the tube, its cellular structure on the top end bottom platforms, 
and the combination of its parts, there existed no doubt as to 
the lateral security of the bridge. 

For some time after the Jdrst Coins a\ rube was erected, con- 
siderable attention was paid to the effects produced liy the heat 
of the sun's rays upon so large a surface of ii'ou. About sun- 
rise, on a clear frosty morning, the gauges with graduated scales 
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were set, and after marldiig the oonect porition of the tabe, the 
IbDowIng resnltfl were obtained t — 

At noon, the sun tjhining bright upon the top and one side, 
the tube was bent in that direction, 96 inch, or nearly 1 inch. 
Gomparuig the deflections as they stood in the morning, before 
son-rise, and at noon vhen the tempeiatnie had greatly in* 
creased, a decrease of -^th of an ineh, or a rising of the middle 
of the tube to that extent, had taken place*. The result of this 
change of ttnipcrature was an increased convexity in the curva- 
ture of the top and bottom sides, to the extent of raising the 
whole tube *71 inch in the middle. The effect of the sun's in> 
flnence was therefore considerable, and the infusion of heat into 
the top had, by the elongation of that part, raised the whole 
weight of the tube to a height of threc-foiu'ths of an inch, be- 
sides an elongation of nearly three-fourths of an inch. 



Summary o/Beadts obtained fr&m the EsaperimetUs ofEecUmgtdar 



No. of 


DwtMtce 
bctweeo 


Depth 


Width 
of 


XhickiMM of 

ploMtaliMlM.! UltimMo 


Bremking 
weigfat. 










tube. 


Top. 


Bottom. 








ft. ia. 


in. 


in. 


in. 


in. 


in. 






14 


17 6 




9-6 


•076 


•272 


110 


3,783 


Broke by voaipreMioii. 
(Revened). Extension. 

Compression. 


14« 


17 6 


9< 


9-6 


•272 


•075 


1-13 


8^73 


15 


17 6 


96 


9-6 


•075 


•142 


0-94 


3,788 


15a 


17 6 


9-6 


9-6 


•142 


•075 


1-88 


7,148 


(Revened). £jitension. 


16 


17 6 


18-25 


9-25 


•059 


•149 


0^93 


6.812 


CompreuioD. 


16a 


17 6 


18-25 


9-85 


•149 


•059 


173 


12,188 


(ReTened). CompnMim. 
Comprenion. 


17 


94 0 


1500 




•160 


•160 


2-66 


17.600 


18 


18 0 


13-25 


7 50 Ul 


•143 


1-71 


13,680 


Compression. 


23 


18 6 


13-0() 


8-00 


•06ti 


•066 


119 


8.818 


Comprecsion. Fin on the top* 


25 


11 0 


804) 


100 


-282 


-116 


0-75 


11.254 


Compression. Fin on Uit vSf, 


S» 


19 0 


15-40 


7*75j-S30 


1 'ISO 


1-59 


29,467 


Sides distorted. Corrugate top. 



* It is unfortunate that tiie exact temperature was not ascertained at the 
time ; the atmosphere may however be taken at nearly the fireesing-point 
cariy in the morning, and a few degiees under anouner heat at noon. 
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GENERAL DEDUCTIONS, ETC. 



Model Tube. 



No. of 
experi- 


DisUmre 

betwecD 


1 


1 

Width 

of 
tnb«. 


ThickncM of 
plate in inches. 


Top. 


Bottom. 




ft. in. 


ft. in. 


ft. in. 


arc*. 


areft. 


I 


75 0 


4 6 


2 n 


24-02 


8-80 


9 


75 0 


4 6 


9 11 


24-02 


12-80 


8 


75 0 


4 G 


2 11 


2 4 02 


12H0 


4 


75 0 


4 6 


2 11 


24-02 


17-80 


5 


75 0 


4 6 


S 11 


24-02 


22-45 


6 


75 0 


4 6 


9 11 






7 


7« 0 


4 • 


2 11 


24-02 


22-45 


8 


75 0 


4 6 


2 11 


24-09 


92-45 


9 


75 0 


4 6 


2 11 


24 (>-' 




10 


75 0 


*6| 


2 11, 


24-02 


22-45 



Ultiinate 



Breaking 



lb«. 

79,5/8 
97.102 
126,128 
148,129 
129,009 

26.781 
135,255 

135,25.-) 
192,892 



Broke 1 y lensioa. 
Twisted over. 
By tendon. 
By tension. 

Weight left suspended. Tube 

tui iinl 'tri i; ^ Milc- 
Experiment discontinued. 
Weight kik nMpcnded loraiiw 

days. 
Broke by tension. 
Broke by tension. 
Cnulied on tbe to]^ 



GENERAL DEDUCTIONS FROM THE FOREGOING 

EXPERIMENTS. 

It will be instructive to compare the weight of a tube with its 
breaking load. 

Con^raHve Wei^hU and Strengths of Cylindrical TubeB, 



No. of es> 

pCffBMBU. 


DbtaoM 

between 
■upporta. 


W«cht of 
tab*. 


Breaking 
vcifht. 


Bitt*. 








ft in. 


lbs. 


IN. 




In. 


in. 


1 


17 0 


102 


3,010 


1 : 29<> 


1218 


•034 


2 


17 0 


107 


2,701 


1 : 25-2 


l2-0t> 


•037 


3 


15 71 


392 


11,440 


1 :29-l 


12-40 


•131 


4 


88 5 


834 


6,400 


1 : 19-1 


18 26 


•058 


5 


28 5 


848 


6,400 


1:18-5 


17-68 


•063 


6 


23 5 


777 


14,240 


1 : 18-3 


1818 


-119 


7 


;n 


907 


^:,m 


1 : 10-7 


24 10 


•095 


8 


31 .-H 


13H5 


14.210 


1 : 10-2 


24-30 


•095 


9 


81 3i 


1005 


10,880 


1:10-8 


94-80 


•136 



ComparaUve Weights and Stn nylhii of MlipHcal Ikies, 



No. of ex- 
pwimenti. 


l>i*tance 
between 
•npporu. 


Wright of 
tube. 


Breaking 
weight. 


Ratio 
weight to 
•trangthi 


Dimenkion of tube, i 
Uiameten. 


Tmsfeiae. 


Coi^jugate. 




ft. in. 


lU. 


Ibc. 




in. 


in. 


19 


17 0 


109 


2, KM) 


I : l!)-2 


14-62 


9-25 


20 


24 0 


708 


17,070 


1 : 24 1 


21 66 


13 50 


21 


24 0 


;{57 


7,714 


1 :21-7 


21-2.) 


1412 


22 


18 6 


232 


6,867 


1 : 29 « 


I2(HJ 


7-50 


22 


18 6 


2o2 


5,6 18 


1 : •-'4-3 


12<M» 


7-50 


84 


17 n 


:i74 


15,490 


1 :40-» 


15-00 


9-75 
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Qmg^araihe Wei^hU and Strengths of Bedtmgulair Tubes* 





Diatancf 
Jx-fHc-cn 


tiAa. 


Snaking 


Ratio 
weight to 


Dimenaions of tube. 






wight. 








support*. 




Depth. 


Width. 




ft. in. 


Ibt. 


ifa«. 






in. 


in. , 


14 


17 6 




3,738 


1 


18 


96 




\im 


17 6 


384 


8.^3 


li 


1 91 


ft^ 




15 


17 6 


8M 


3,788 


1 


14 


IHt 




15« 


17 6 


255 


7,148 


1 


88 


9B 


18-0 


16 


17 6 


ai7 


6,812 


1 


:81 


1825 


9-25 


\6a 


17 6 


817 


H,188 


1 


38 


18-85 


9-2 


17 


24 0 


788 


17,600 


1 


88 


150 


885 


83 


18 6 


367 


8,812 


1 


33 


13-0 


80 


» 


WO 


MD 


»^ 


1:50 


15*4 


775 



Now it will be hereafter shown, that tliis ratio of the weight 
of a tabe to its breakiDg weight varies directly as the depth of 
the tube, when its length is constant. In order ther^ore to 

ascertain the comparative strengths of these tubes, \vc shall 
reduce some of the best of each sort to tlic same dcptli. 

Thus No. 4, 20, and 17 have nearly the same length; hence 
by reducing them to the same depth, we find their relative 
strengths to be as foUows ; — 



No. 4. No. 20. No. 17, 

10-5 111 14-6 

Taking No. 1, 24, and 15^/, we find 

No. 1. No. 24. No. 15a. 

24 4 26*6 29*1 

Agam, for No. 22 and 29, we find 

No. S3. No. 99. 

24-6 32-4. 



Hence it appears that the rectangular tubes are the best, and 
that the elliptical ones are the next in order. 

It is desirable that we should have some formula, which will 
enable us to estimate the comparative strength of these tubes, 

whatever may be their form or relative dimensions. For this 
purpose it will be hereafter sho\ni, that the following formula 
is approximately true for all tubular girders, viz. 
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where Ws the breaking load, Ass the axes of the whde cross 

section of the tube in square inches, d= the depth of tlie tube, 
1=. the distance btUveen the supports, and C= a constant, which 
must be determined by experiment for the particular form of 
the tube. Moreover the value of C, determined for different 
forms of tubes, mil enable us to ascertain their comparative 
strength. Erom tiie above relation, we have 

(2.) 



^= A3 



Thus to find the value of this constant for Experiment 29, 
we have 



22470+^(600) 

2240 



=10142 tons. 



/=19xl2, d=\o'\, and A=7 048 square inches; 



C= 



10142 X 19 X 12 



321-3 tons. 



7048 X 15-4 

Proceeding after this manner, the following tables have been 
calculated. 

Om^^aikoe l^rengtka of Tubei, indicated tie Value of C. 

CjfKndrical Thibea. 





In ton, or w. 




Ohitaw. 


1 


1-38 


1-5612 


14-8 


s 


1 23 


1-394H 




8 


519 


5-iii.:i2 


15-4 


4 


8-93 




ia-5 


S 


M 


8-MMB 


UiS 


e 


fi-4R 


6-7970 


w 


7 


413 


71M8 




8 


666 




9-9 


• 


£•06 


7*4MS 


10-5 



ElUptieal Tubes, 





Breaking wei^t 


Are* Mcdon, or 
TClMOTA. 




90 


7-78 


71884 


14-4 


81 


3-81 


3-330O 


11-9 


88 


318 


a-3780 


171 


84 


ft<4S 


7-OSlO 


17-S 
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RecianffuUif Tudea, 



Ho. of 


Breaking wukUi 
ia tons, or W. 


Knu (cctioa, ot 


Value of the cuMUnt 
C ia tona. 


14 


171 


8-20 


11-7 


14a 


373 


6-32 


15-8 


16 


174 


4-04 


9-5 


ISa 


S-24 


4-04 


17-8 


17 


8-03 




19-8 


25 


505 


2-90 


28-6 


29 


UV13 


7-05 


21-3 


90 


5-88 


5-75 


16-1 


81 


8-05 


6-73 


15- 1 


S3 


87-95 


41 82 


15-1 


35 


58-78 


45-82 


21-1 


36 


68-56 


50-82 


22-5 


41 


89-15 


55-47 


26-7 



In the rectangdar tubes, No. 14 a, 15 a, 17, 25, 29, 35, 36 
and 41, appear to have had, nearly, a proper distribution of the 
material ; the mean value of C estimated from these is 21 5 tons, ' 
which 18 oonsideiably greater than the value of C deduced for 
any of the cylindrical or elliptical tubes. 

MeanTilueof C. 

For the cylindrical tubes .... sslS'OS tons. 

For the elliptical tubes =15*8 tona. 

For the rectangular tubes .... s21'5 tons. 

Hence we infer thiit the rtciuiigular form of tubes is con- 
siderably stronger than either the cyhndrical or elliptical form. 

Proceeding with eq. (1.), after the maauer of investigation 
giyeu in the note at page 104, we obtain eq. (8.), page 105, 
which expresses the breaking load <^ a Iai|;e tube in aH respects 
mmUar to an experimental tube. 

Sfrengrtk of ike Comoay Tube^ MBperimenia 41 and 42. 

lu the model tube, experiment 41, /=75, L=86'25 tons, 
5*8 

«=-2-=2'0 tons. In eq»eriment 42, /^=400, hence we have 

by eq. (8.), page 105, 

L, = @'{L-^'...}t<».. 
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which is the breaking load of the tube, and hence the breaking 
weight, W,=2096+-^=2746 tons. 

Again, adopiing foimula (8.), page 276, we have S=26'8, 
/=400xl2, ^=25 5X12» and from eq. (9.), page 276, 
1=17900000 nearly; 

SSI 8x268x179 00000 , 
^="ar= 400xl2x25-5xl2 =^^Q<><«'" "^^^ 

which result nearly coincides with the breaking weight before 
found. 

Again, by formula (5.) page 276, we have A=s 1530, 1^=25' 5, 
/a400, and Cs=26-8, 

„^ AdC 1530 X 25-5 X 26-8 . ^ 

W:=— = ^ =2614 tons, 

which almost exactly coincides with the preceding result. 

D^tecHoM of the Comoa^ Tube^ Haiperimmts 41 and 42. 

In order to discover the luw of the deductions in tubular 
beams, we shall first consider the table of experiment 41. Add- 
ing fths of the weight of the tube to the numbers in the column 
of weights in the table, page 264, we have— 



■ilililiiiiili 


DuiiM Una niiiriit 




4 


70,411 


1-48 


8 


122797 


2-70 


18 


lS6,a8U 


3-58 


16 


172.878 


3-98 


SO 


185.825 


4-47 


24 


197^7 


4-81 



Here we find the approximate relation of the defiections and 

W 

the deflecting wdghts to be expressed by the equality ^—43000* 

that is, the deflection in inches is, approximately, the 4;3,00()th 
part of the dellecting weight expressed in lbs. This relation is 

more aocuintely expressed by the equality, ^=3^^000 '4. 
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Making a simflar reductioii of tlie table in experiment 42, we 

have, regai'diiig the weights as laid over the centre of the tube, 



No. of 


DcSrctinit wright 


Ucflcrtion* in 


espoiinenbi. 


in tiinii. 


inchea. 


1 


812 


7*81 


9 


907 


iH)9 


9 


966 


9-50 


4 


1013 


10-50 


« 


Ilia 


I4HIS 



Here the deflectioDs in inches are pret^ nearly the lOlst 
part of the deflecting weights expressed in tons. Taking the 
breaking weight, as determined at page 272, to be 2600 tons, 

we have the .nltimate deflection of the tube of 2600 

= 25-7 inches. Now in order to test tlie arcnra<'y of these cal- 
culations, we have for simUar tubes (see formula (3.)> page 165) 

the following relation, ^=^; that is, in the present case, 

^j:^=^^; therefore J=25"6 inches, where the same result is 
obtained by two processes perfectly independent of each other. 

InvetH^^aHM offofmdm rdaiwe to RectoM^uiar Tubes. 

Let HICD represent a section of the tube ^ Fig. 71. ^ 
with a oeflular structure; Afi the neutral axis ; 
W=tbe breaking load of the tube ; 

/ — the disttUice between tlie supports ; 
€ = J)9, the de])th of the t(jp ctils ; A|~ 
^1=: Hv, the depth of the bottom cells ; 
^ zs the whole breadth of the spaces in the v 

top cells; 
k = the thickness of the pktes ; 

a = the area of the section of the material in the top cells DCrs. 
the area of the section of the materiul in the bottom cells 
Ultv ; and so on to similar notation ibr the parts below 
the neutral axis ; 



I 



-B 
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f = the force per square inch, opposed to compression at the 

centre of the top cells ; 
S the ibrce per sc^uare inch, opposed to compresaion at the 

upper edge DC; 
y =s the distance of the centre of the top cells from the neutral 

axis AB; 

^ = AD, the distance of the top of the tube from the neutral 
axis ; 

G = the distance between the centres of the top and bottom cells; 
H= the moment of zesistanoe of the section HICD to mptUTe. 
Hence we have, neglecting the material in the sides tw and tr^ 
resistance of material in DO9 to compression = resistance whole 

area DCr« — resistance space in the cells 

Similarly, we hare 

Resistance of material in HIA7 to extension ^f^a^ ; 

/a=/iai . . . (1.) 

Moment resistance of DGr« to compression, m 

Without infringing upon the pecnliaiity of the structure, we 
may suppose that k is indefinitely small, and that the material 
is chiefly cofleoted in the v^cal plates connecting DC and «r. 
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then we bave 

^f3{he—p{^e-%h)), neglecting 



Similarly, we have 

Moment resistaaee of to extenaion =/i<7iyi> 

but by eq, (1.) f(i=f\^> 

/. M=s/tf(y+^,) 

^faOaa/iafi; .... (2.) 

w==i^f , or ^^^-5 . . . (a.) 
Now, in nmilar tdboB /must be oonstant, for /sSxf =Sxa 

ronstant ; and moreover G must be some constant proportional 
part of the depth of the tube ; hence 4/0=d^x a constant =£^3, 

A W=2f (4.) 

which 18 the rdation (1) assumed at page 68, wheie C must be 
determined by experiment, as explamed at page 68. 

Moreover, as the area of the whole section of the material in 
similar tubes must be some constant proportional part of a, we 
also have 

Wsr^ (5.) 



* In the model tube, experiment 41, 

»=6-5, y>-27-3-2>23-8, 
. e« 6-5» 1 
12^ 12x83S»'*^160* 
Hence it appean that the portion of tiie aWe formnlm which it rejected 

is less than of that which is retained, so that the relation »=/ag 

ia KiffitaeDtly exact for aD pnclicBl pmpoaea. 

t2 



• 
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whence we have for the value of the constant, 

c=a (6) 

The general formula (5) will afterwards be shown to hold 

true for cylindrical and elliptical tubes. 

In the model tube, Experiment 41, the neutral axis must, 
obviously, lie very nearly in the centre of the section. It will 
therefore be interestmg to investigate a formula for this case. 
For this purpose, let I s= the moment of inertia of the section 
HIGD, and Jt^ = the sum of the thicknesses of the side plates t» 
and ir, then we have, by a well-known iuimula, 

4 "~ A • • • • V'*; 

.-. W=^'. . . . (8.) 

But the moment of inertia of the section =2 {moment ABCD 
— moment space ABrs — moment space in the cells DO*} ; 

=|[^F--(<J-X'2)(/*--e)3-i?{(^-*)3-(i5--^+>^)3}] . . (9.) 

which expresses the value of I in eq. (8.)- 

The value of the constant S deduced from (7.) is 

^-41 

. . . . (10.) 

As an application of eq. (6.) and (10.), let as take the data 
of Expevhnent 41. 

Ex, In Experiment 41, W=8915tons, A=55 47, d=4 blLt., 
/=75ft., d=35in., X=:147in., ji^=198in., tf=(i4in. 
Whence we have from eq. (6.), 

^ W/ 89-15 X 75 
^=55=55-47 x4'6=^^"7 tons. 



Digitized by Google 



INVESTIGATION OF VOBiUVLM. 277 

And irom eq. (10.), we have 
i-*2=:85- l»8=34m AzJ^^^^ir, 
^_.e=27-6-5=20-5, jo=35-7 X •147=33-971, 

/. I=|[35 X 273-34-802 x20-63-33'971{26-8533-20-647^}] 

=20200 nearlj; 

c Wld 8915 X 75x12 x 4-5x12 ^^^x 
S=8r- 8x20200 =26-8 tons. 

Here it will be seen that there is a very near comcideuce be- 
tween the values of C and S. 

When the tube is simply a hoUovr rectangnkr beam, similar 
to that of ezperunent 14, we find from equattons (8.) and (9.), 
by making e—2k, 

substitnting ^ for A, putting ^| for ^—^2^ ^ internal breadth, 

and di for 4X'= the internal depth, we have 

l^Y^{dcf^^6,</^^), (11.) 

2S 

by sabstitnting ^—2^ for dj, and d^itk for 

In the second experiment recorded in the tabic at p. 46, 

1 '212 

teSOx 12, W= ^ -|-22'76«28-366 tons, <^«24. d«l6, 

and >fc=-272, hence we have by equation (12.), 

Q— 3x 23-3r)G X 30 x_1^2 x 34 _ i a ♦ «J 

2{l6x2-i"-uB-^544j^24— 544f } ^l4tons nearly. 
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Ibmula relative to Cylindrical Tubea. 

As the fhicknew of the metal in these tubes is unifinm, we 
shall suppose that the neutral axis passes through the centre of 

the circular section. 

Let r, r^= the radii of the exterior and interior circles re- 
spectively ; 

i^, fi^= the diameters of the exterior and interior circle:} 
leapectirely ; 
the thjckness of the metal ; 
As the area of the section of the material ; 

Xy y=. the coordinatt^s of a poiut iu the circle, referred 
to the centre as the origin. 
The other notation being the same as in the preceding investi- 
gations ; then we have 

_2S «»j 2S TT,^ 
r * 8 r ' 8 

='*{■+(?)■}• 

Now in simihur tubes -j^ is a constant quantity, and conse- 
quently 1 4- is also a constant quantity ; in this case there- 
fore we have 

MXdG 

4 4 * 

A W=^ (13.), 
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wludi is the same general lomrnla as that given in equa* 

tion (5.) 

When the thickness of the tube is small as compared with its 



depth, then i+ ^^^ssS very nearly*, and in this case, 

^ rSAJ- , /r,\21 rSA 



■rrr AliS 

/. W= -J- ; 
comparing this expression with (13.)« we find G=S. 

Hmnuia rekOwe to MlipHeal 2k6e8, 

Let a = semi-axis major of the exterior ellipse ; 

6 = semi-axis minor of the exterior eUipse ; 

01= semi-aads major of the interior ellipse; 

di = semi-axis minor of the interior ellipse ; 

d =s the depth of the tube ; 

k = the thickness of the metal ; 

A the area of the section of the material ; &c. 
Proceeding precisely as in the case of the cylindrical tubes, we 
hanre 

now we shall assume that the exterior and interior ellipses in 
the transverse section of the tube axe similar; hence in this 



* In experiment 4, rf= 18-26, *=-0582; 



r= i^«913, ri=9'ia- 0582=9 072, 



and 1 + ^il: J= 1 +^^^^55199 or 2 nearly. 
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Now in similar tubes is a coBStant quantity, 

4^4* 

W=^, (14.) 

which 18 the same general fonada as that given in equations 

(5.) and (13.) 

When the thickness of the tube is suuiii an compared with its 
depth, then 1+ ^ =s2 veiy nearly*, and in this case^ 



ba 

2 



comparing this expression with (14.). we find G=S. 
From equations (5 ), (13.) and (14 ), it appears that 

A</C 

is a general expression for the breaking weight of all tubes, 
whether rectangular, cylindrical, or elliptical, under the limits 
specified ; where A is the area of the section of the material in 
square inches, d the depth in linear inches, / the distance be- 
tween the points of support in linear inches, and C a constant 
determined by cxpLTinient fur the particular form of the tiil)e. 

« In experimeiit 19. a= i^=7*dl, »s ^m4'625, 0416, 

a, = 7-31- 0416=7-2684, 6, = 4 625- 041C=4-5834, 

4-5834 X 7-2684 ,,oc « 1 
and 1 + T-i = I + — i-^.ri — 5,-=v- = 1 9*> w 2 nearly. 

Aa 4*625 x 7*31 ' 
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Hence the value of the constant G, in those expressions, may 
be tsken as the index of the comparative strengths of the dif- 
ferent kinds of tubes. 

Ih es^prm ike Breatamg Weij^ht of a Tuhe as con^med wUA ike 

Weight of the Tube itself 

Let <?= the weight of cubic foot of wrought*iron, and «r= the 
weight of the tube ; tiien suj^posing the tube to be uniform in 
its dimensions, we have 

d c 

where the ratio varies as the depth of the tube, and inversely as 
the square of the length. 
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EXPERIMENT ON THE RESISTANCE OE A RECTAN- 
GULAR TUBE TO A CRUSHING FORCE. 

Not having in my possession the experiments of Mr. Hodg- 
kinson on the resistances of tubes of diiterent forms to a 
crusking force, I consideied it absdutely necesBory for my own 
gaidance to institute an experiment, upon a large scale, in order 
to ascertain the resistance offered by a rectangular maUeable 
iron tube or cell (of nearly the same dimensions as those in the 
Britannia and Cuiiway tubes), to a force tending to enish it. 

The experiment was made upon a tube 18 uiehes square, 
8 feet long, and composed of plates half an inch thick, riveted 
to angle-bon, as shown in the annexed sketch. 

The tube or cell was placed vertically under a Fig. 72. 
powerfid hyilraulic ])ress l^clonging to Messrs. Ben- 
jamin Hick and Co., Bolton, Mr. John Hick, the active 
partner, having kindly offered the use of the pumps 
and apparatus for that purpose. 

The hydraulic press was one of the best construc- 
tkm ; it had four distinct cyUnders and rams, and the 
pressure was in(li( ;ired by an exceedingly sensitive 
lever with a carcluily graduated scale, on which the 
strain during the different stages of the experiment 
was recorded. The following table exhibits the pres- 
sure and flexure of the tube under the influence of 
the force apphed. 4*'-=^ 

□ 
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Experiment XLIII.~-May 7tb, 1847. 

Rectangular tube or cell, 8 feet long, i Hoot 6 inches square, 
and composed of plates and aDgle-irou» on ail the ibur aides, 
half an inch thick. 



Sectional area of the ceU s=50 inches. 



No. of 








Cotnpre*- 




Prr-..'< un- 




Flemm on 


•ion from 






til tOOB. 


tbie auk A. 




force M>- 
^& 




1 


115 









The discrepancies exhibited on the side* 




165 


■.25 


•20 


•000 


were ia a great measure occatiioneid by 
the boding" of Uie plates, which 
|!iiMtiH>rt contortioin on ratt miihoB. 


8 


215 


•25 


•48 


•000 


4 


265 


•26 


•70 


•000 


5 


315 


•25 


•70 


•025 




6 


365 


•25 


1-20 


•032 




7 


415 


•25 


■95 


•032 




8 


465 


•25 


70 


•030 




9 


51ft 


•ftO 


•96 


•042 




10 


MS 


•78 


•95 


•081 




11 




75 


1-75 


•08S 




12 


665 






•180 




13 


600 








A short time before the iriMde emeunt of 
preanire came upon the tohe It wts pro- 
gpressivflv yirlflinc to the straiiL. It 
ultimately becaiue distorted by the puck- 
ering of three of the lidea, ae MMhitaa 
m the dis«riii(. 



Taking 680 tons as the crushing force, we have the resibtaiice 



of compression per square inch = -^q tons =13*6 tons. This 

result nearly coincides with the value of S determined for the 
tlunner tubes with single phites at the top and bottom (see ex* 
ample, p. 277). But m all the tubes with a cellular structure 

at the top, the value of S is considerably greater than the resist* 
ance to compression indicated by this experiment (sec example, 
p. 276). The oombmution of cells, taken in connection with 
the peculiar mode in which the crushing and tensile forces are 
applied, prpbably contributes to the great strength observed in 
the tubes with a oeQular stmctuie. 

The total force of resistance presented by the cellular top of 
the Conway tube =:670x 13 6=0112 tons. 

Upon the whole, however, this pxperiniont tended to give us 
additional confidence in the security of the structure. 
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EXPERIMENTS TO DETERMINE THE STRENGTH OF 
RIVETS WHEN INSERTED IN LINES ON EACH 
SIDE OF THE JOINT, AS PER SKETCH. 

Fig. 73. 



o 

OOo 

lO Or- 



eo O 




OOO 



Fig. W. 



< |0 o o o i 




Entertaining perfect confidence in the resisting powers of the 
upper side of the tnbe to compression, the next conaideratioa 
was to establish, by direct experiment, the same confidence in 
the resistance of the bottom to tension. The principal cause of 

doubt in reference to this part of the construction was occa- 
sioned by the perforations for the rivets weakening the plates. 
How to remedy this defect was a question of some difficulty, 
and it required more than ordmaiy consideration in adopting 
the means necessary for attainmg the construction of equal 
strengths. The mode of riveting materially affected the strengths, 
as well as the propoiliuns of the bridge. 

Double, treble, and quadruple riveting was thought of ; but 
one after another were abandoned on account of the rivet-hoks 
weakening the plates, and I should have almost despaired of 
attaining the object in view, but for the prindple of longitudmal 
or chaiu-rivcting having occurred to me, after repeated ti'ials 
of other modes and forms. Having satisfied myself as to the 
feasibility of this system of riveting, it was still desirable that it 
should be submitted to the test of experiment. This was done 
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upon two distinct methods of jointing, one with a single thick- 
ness of plates, similar to the vertical divisions of the cells in 

the two large tubes, and the other of a double thickness of 
plates, similar to the upper and lower pint tonus of the Ijottoms 
of the tubes. The jointed plates having been prepared, the 
experiments were oonducted by a powerful lever, tearing the 
joints and plates asunder in the direction of the line of the rivets 
as follow : — 

Ciam»JUtfetiny Sin^ FUUes toitA douide coven over tie Joint 

Area of section through the solid") „ ^ . , 

, , , . ^ \ 3-5 X '253= 875 mch. 

plate at ^ J 

Area of the covering plates . . . 3 oX 26= 910 „ 

Area of section through the hvet-1 . 
,.14., [3 X 25=750 „ 

<Aoies at e, 0 * * • .j 

Diameter of the rivets, each ^indi, four on each side of the 

jumt, as exhibited above. 



No. of 


« 


ElmifiiiM fai 

illcluK* 


1. 


s,«oo 




2 


26,656 




S 


80J40 




4 


•Ml 


5 




•034 


6 




•034 


7 


85,626 


•044 


8 


37.418 


•052 


S 


ISJIO 


•086 


IS 


41»0tt 





Weight uf the lever. 



Tom asunder thrnnc;ti tin- liulf at e,it 
sutUiniDg the load a few secouds. 



If we take the area of the plate at the point of fracture = 750 
inch, it will be found that it required a power of 24 41 or 
nearly 24^ tons per square inch to tear it asimder. 

The next experiment was with double plates and a single 
cover over the joint similar to the tensile joints of the two bot- 
tom pkdbnns of the Britannia and Conway tubes, as foOows : — 

Area of section through the line a, ^=-875x 2 = 1-750 inch. 

Area of section through the rivet-hok*s at c, d =1'5 

Area of covering plate through the hvet-hole = '91 

Rivets as before, ^-inch diameter. 



If 



n 
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STRENGTH 07 RIVXTS. 



No. of 
aperimeiits. 


Weight in Ibt. 


ElongAtion ia 
iaieliM. 




1 


5,600 






f 


26,656 


•016 




3 


37,40S 


•025 




4 


46,968 


•028 




ft 


55398 


•057 




6 


62.496 


•100 




7 


69^4 




Broke by ibearing ofF the riveti close to the 






pkte, •hownim the dnirii^» 



From tlie above experiment it appears that fracture took place 
tlirough the solid plate on one side, and by shearing off the 

rivets on the other. Hence tlie area of the section of fracture 
r='875 + *785 = l 00 inches, and proceeding as before, we have 
for the breaking weight a force of 18*73 tons per square inch. 

Finding the resisting powers of the rivets unequal to the 
strength of the double plates, they were afterwards increased 
from half an inch to five-eighths of an inch in diameter ; or until* 
the area of the rivets approached nearly to the area of thr plates, 
which gave the required strength. In joints of this description 
exposed to a direct tensile strain, it will be found that the 
resisting power of rivets is neariy equal to that of the plates : 
or in other words, the resisting power of the rivets is to that 
of the plates as thdr respective sectional areas^ that of the plates 
being taken through the rivet-holes. 

In the single-jointed plates the half-inch rivets were more 
than sufficient to cause the plates to be torn asunder ; whereas 
in the double plates the same strength of rivets was unequal to 
the strain ; the respective areas of the first were in the ratio of 
•785 : 750, and the latter of 785 : 1-500*. These experi- 

* Hie strength of plates and their riveted jointt is not a new subject; as 
ten yean ago I was closely engaged in tesea r ches into the aticngth of iron 
as a material for ship-bnilding, jncluding the oompsnitm vakie of the riveted 
joints of plates. Hiese experiments ave not yet pnUislied, but the following 
extract firom the Report of the Tenth Meeting of the British Associatbn for 
i3t» Advancement of Science, hdd at Olasgow in 1S40, bears so dizeedy npon 
tihe question now under consideration, that we may safely refer to die abs« 
tract as g^ven to the meeting on that occasion : — 

" The number of vessels whidi of late years have been made entirely of 
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mental fads were of great value in relation to the constractioa 

of the Conway tube, inasmuch as they caused us to increase the 
section of the rivets to nearly the same sectional area as the 

ixoa, and Die probabUity of die greatly cKtended iiae of tiiia material m sbip- 
Iraildhig, renden the exIenaUm of onr knowledge an object of aome import- 
anca, at leaat, ao fiv aa to make na betts aoqnainted with ita poweia of la. 
•iatanoe to die various atnina to wlddi it is anigected in thia ww applioation. 
To meet tiieae nqoiremeiitB the fidlowing expaimoiti bave been ondartakettf 
and are now in a great measure comiiileted. lat. A aeries of experiments 
on tiie atrengfli of malleable iron plates as r^rds a direct tensile ataain, 
both in directaon of the fibre and across it. Sod. On the strength of die 
j<unt8 in plates riveted together, and on the best modes of riveting. 3rd. On 
the strength of the various forms of ribs or frames uaed in ship>baildang» 
wbedier wholly composed of iron, or of iron and wood. 

"On the Strength of Iron Platet, 

*'In the exiu rimcats all the plafes were of uniform thickness ; their ends 
had plates riveted to them on both sides, with holes bored through them 
perjK iidicular to the plate, iu order that they might be connected to shf^ckles 
by bolts to tcEir them asunder in the middle, which were made narrower at 
those parts for that purpose. The results were as follows : — 

" Mcciu breaking weights in tons per square inch when drawn in the di> 
rectioa of the fibre : 

York-hire plates 25*77"' 

Yorkshire plates 22' 7 6 

Derbyshire plates 2168 )>-Mean, 22*52 tons. 

Shropshire plates 22*83 

Stattltrcishire plates 19-56 , 

"Mean breaking weights in tons per sqiiai t; inch when drawn across the fibre: 

Yorkshire plates 27 ^j" 

Yorkshire plates 26'04 

Derbyshire plates 18" 65 

Shropshire plates 20-00 

Staffordshire phites 21 01 J 

"The foregoing experiments show that there is little or no dilierence in the 
strength of iron plates, whether drawn in the direction of the fibre or across it. 

'* Vb, Frixbaim dien gave the results of a long series of experiments on 
the stiength of riveted plates. The same description of pbtea was here 
need as in the previoos e]q»erimentB ; they were, however, made wkler than 
die Ibnner ones, in order that they might contain— after the rivet-holea were 
punched out—die same area of cross section as the previous ones. 



> Mean. 23 04 tons. 
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plates in all tbe doable joints, espedally in tbe bottom of tbe 

liu gc tub(^s ; and the same principle must be observed in tbe 
construction of all tubular girders subjected to severe tensile 
strain. 

" Mean breaking weights in lbs. from four plates of equal sectios, riveted 
by a single row of rivets : 

20.1271 

1G.107 
18.982 
19,147 

" The menn breaking weights iu 11^. from four plates of equal sectiooa to 
the last, but united with a double row of rivets : 

22.699] 

^^•'^'^ (Mean. 22.358 Ibt. 
20.059 ' 

32,902] 

** Wbenee the ttrtnglh of nngle to double rivotiiig is a* 18,590 : 22,358. 
Bnt from a companaon of tiie resulla taken from the whole ezperiiiientB» the 
•tiengtii derived from the doable-riveted jointe was to that of tiie aiiig^e- 
riveted as 25,080 : 18.591, or as 1000 : 742. 

•* Comparing the ttrength of plates alone with that of donUe- and single- 
riveted jointi» th«r idative values weie nearly as nnder: — 

For the strength of the plate 100 

For that of donble-riveted joints 70 

And for the single'riveted joints 56 

" Hence the stren^h of the plates to that of the joints are as the respeetive 
numlif rs 100, 70, and 56. A table wa* then given containing the diuieu- 
sions and distances of rivets for joining together diiicrent thicknesses of 
plates." 

The above extract will show, that considerable progress had been made in 
a similar inqtiiry to that contiiincd iu the preceUiuu; experiments, as far hack 
aa the } eijx 1 838, which was the time when the experiments on the strength of 
wrought iron plates and their riveted joints were commenced. Since then 
the subject has been laid aside in consequence of the pressure of other im- 
portant duties, which for the last ten yean have occupied nearly the whole of 
my rime. I hope, however, tiiat I shall shortly be able to complete tiie 
experiments, and. by a careful record of facte, to obtain sudi xesulto ss may 
be nseAd in effecting increased economy and increased security in the cen- 
aiructkm ofhnm imi otter $irueture9. 
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LETTERS FROM MR. H. ROSS. MR. J. GRAHAM, 

AND MR. R. MURRAY. 

39 BlooDiHbury Square, 
Dejlb. &ISL, London, September 28th, 1846. 

In inswer to your letter received this morning requesting me to state 
wimt took place at Millwall between yourself and Mr. Uodgkinaon re- 
ipecting the eofmgated form of tube, and who suggested that form, 
I regret to say that I have no reeoUeetion of any parttcolar eoDversa- 
tion on the sobjeet^but I fed satisfied that the snhjeetof theoonmgated 
iron was started by yourself, and that after the first experiments on the 
reetangular tubes were in hand, and the results of some of them known, 
you spoke to Mr. Uodglcinson of your intention to adopt or make a trial 
with eomigated iron, as most likdiy to give additional strength ; and 
subsequently you drew the efaalk sketch for Graham to go by in making 
the spectacle top tube. Nothing that then took place struck me as if it 
emanated from Mr. Hodgkinson ; and as far as I recollect, he merely 
coincided with you in the probability ol itH answering better. As to 
what may iiave takt u | elsewhere between yourself and Mr. llodg- 
kinson, of course 1 know uolliing; but I have always been under the 
iru]9resiuoii that the application of corrugated iruu wast ^o\xc soit sugges- 
tion. 

In corroboration of this impression, i have also a distuict recollection 
of calling on my brother, to say that all the tubes then made were ex- 
perimented upon, and that you suggested one with a corrugated top; the 
consequence would be that weeks would elapse before the remainder of 
the ex|)eriments could be made ; he said the bridge ought to be in hand 
by that time. 

The eiperiments on the corrugated tube were not made until the 
14th of October, 1845. 
Trusting this explanation will satis^ all parties, 

1 remain, dear Sir, faithfully yours, 

WUUam Fairbaim, Esq., Manchester. Hn. KotM. 

Millwall, London, beptewber 3U» 1646. 

Mr. Fairbairn, Sta, 
With regard to my recollection ol thi different sketches which I re- 
member of your making towards the latter end of the lirst experiments 

U 
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that were made last year at Alillwall, when you aune up to bfcdk the 
beanie aud tubesj thus. 



When we liad finished joii eiOed me up to the end e£ the moold-loft 



rrnm 




to give me iome fturther inttraetion, and when I ceme, 
you were hnty tketchtng dSfferent forme of tobee to 
the gentiemoi praeent ; end among the net waa one 

guch as this, which was {»nndered the beat by the 

jrentlemen present at the time. 

The above ih the principal ul my rccoUu:tiou. 

I am, yoom moit truly, 

JAMia 6BABA.H. 



8 Fkrk Phce* Greenwich. May 37th, 1848. 

My dbae Sir, 

Not having observed in tiie newqpapera the apeedk to which you refer 
in your note of the 24ih, I am much surprised by what you state aa 
to Mr. Robert Stephenaon's dainung the whok merit of the Conway 

Bridge. 

I quite agree with you in thinking that your father must have borne 
a very great share of the responsibility and odium, had the tubular 
system proved u I'ailure, and it seems very illiberal in Mr. Siepheuson 
now to lay claim to a successful result, which has been obtained simply 
by acting u]) to the facts and laws atfecting the strength of wrought- 
iron tubes, tirst established by the Millwall experiments. I always un- 
derstood that the whole conduct of these experiments was left to Mr. Fair- 
bairn, and they appeared to me to be alike plaoued aud executed by him. 
And i do not even remember of Mr. Stephenson being present at these 
experiments, or making any suggestions with reference to them nntil 
the beat form of tube had been established. I have now before me the 
whole aeries of the experiments (in which you are aware I took an active 
part), with the deflections and breaking weig|it« of tubes of twenty-four 
different varieties; also sundry sketches and directions in your fother's 
own hand-writing aa to the construction of some of the tubes, and it ap- 
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pears to me quite plain that the present form of the Menai and Conway 
Bridge has been progressively airived at by meana of those experiments 
solely. You wiU observe they were made first upon circular tubes, tiien 
dliptical, square, rectangular^ and finally upon rectangular with the top 
strengthenedj either by an additional plate or by doable corrugated 
plates, which seems the nearest i^roach that could be made in experi- 
ments of that scale, to the cellular fovm employed first in the experi- 
mental bridge at Millwall^ and subsequently for the Menai and Conway. 

Believe me, my dear Sir, 

Yoan very truly, 

Tkomof Fasrhakn, Esq. Bobut Mveray. 



PrinUd b> R. aiwl J. £. Tajrlor, Hed Lion tovrt, JFImt Sinct. 
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